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Abstract
This thesis describes the development of a 4πβ - 4πγ detection system to perform
primary standardisations of activity at the Radionuclide Metrology Laboratory at
Australia’s Nuclear Science and Technology Organisation (ANSTO). Characterisation
of the detectors, plastic scintillator for β-detector and well type NaI(Tl) detector for detector, has been investigated by using Monte Carlo GEANT4 simulation and
experimental measurement. Modelling of energy deposition in the scintillator and
optical photon transport were employed the GEANT4 simulations. Several issues of
the well type NaI(Tl) detector related to potential dead layer/inactive materials, full
energy peak efficiency, coincidence-summing correction, and energy resolution
broadening have been addressed. An optimum configuration of plastic scintillator
detector for

60

Co measurement was obtained to maximize electron detection

probability and minimize photon interference probability at the same time. A hardware
configuration of the 4πβ−4πγ instrument which utilizes a CAEN N6751 digitizer as
the digital acquisition device has been implemented. The digitizer applied Pulse Shape
Discriminator technique to process detector signals and generate binary list-mode files
that represent measurement data of detectors. An offline-analysis method (OAM)
based on Python program for the coincidence counting was written to analyse the listmode data. This method effectively applied time settings (such as dead time, delay
and resolving time), algorithm of coincidence counting and its correction, correction
of background and decay, activity concentration calculation, and efficiency
extrapolation with weighted linear fit as well. Using this method, accurate calculations
of absolute radioactivity measurement can be performed repeatedly offline since raw
detector signals were first experimentally measured, reducing time and unwanted
fluctuations of the measurement.
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Chapter 1: Introduction
This chapter describes the background (section 1.1) of the research. Section 1.2
presents an outline of the remaining chapters of this thesis.
1.1

BACKGROUND
Numerous fields require standardization of radionuclides, including nuclear

medicine (e.g., therapy, theranostic, diagnostic radiology) [1]–[4], monitoring for the
impact of nuclear reactors on the environment [5], nuclear decommissioning and
nuclear forensics [6]. Several methods for standardization have been applied to
perform accurate measurement of the absolute disintegration rate of radionuclides.
Over the past several decades, the 4πβ - γ coincidence counting method with
proportional counter, pressurized proportional counter or liquid scintillator for 4πβ
channel, have been known well as an absolute method of radionuclide standardization.
In addition, certain advantages of plastic scintillator have motivated some researchers
to investigate 4πβ Plastic Scintillator (PS) - 4πγ counting system as another promising
method for radionuclide standardization.
On the other hand, several issues related to using plastic scintillator as the beta
detector need to be solved. For instance, plastic scintillator has several notable
concerns, such as false pulses especially in low energy sources [7], the effects of after
pulses even though dead time circuits were conducted [7], and efficiency variation of
beta detection from source to source due to the randomness of the crystallization
process during source drying [8]. In addition, digital processing methods that have
advantages in speed and ease of data processing are demands to be applied in
developing a new system.
This project will primarily focus on the development of a 4πβ (PS) - 4πγ counting
system utilising a small plastic sealed source that can fit into the well of the NaI(Tl)
detector. This research will involve: the characterisation and Monte Carlo modelling
of the well-type NaI(Tl) scintillation detector used as the 4πγ counter; investigation of
a plastic scintillator as the beta detector; modelling and validation of the plastic
scintillator sandwiching of the source to detect β radiation, and development of 4πβ
counter system using the plastic scintillator.
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This project consisted of the development of a 4πβ (PS) - 4πγ counting system
including hardware and software for radionuclide standardization. The new detection
system developed in this is be validated by standardising a radionuclide (Cobalt-60)
and comparing these results with an established primary standard detection system
currently at the Australian Nuclear Science and Technology Organisation (ANSTO).
This research will provide a new primary standard capability for radionuclide
measurement at ANSTO that can contribute to radionuclide metrology and will
complement the existing methods for radionuclide standardisation.
1.2

THESIS OUTLINE
This thesis is structured as follows; Chapter 2 provides the relevant literature

review for interaction of radiation with matter, radioactive decay, scintillation detector,
data acquisition system and standardization of radionuclide activity. Chapter 3 shows
GEANT4 model of detector including a review of Monte Carlo simulation for radiation
detectors, important components of GEANT4 simulation, optical photon simulation
and modelling of the used detectors: the well-type NaI(Tl). Chapter 4 presents
characterisation of the well-type NaI(Tl) γ detector by means of Monte Carlo
simulations. The model of the well-type NaI(Tl) detector was validated by
experimental measurement and then was utilized to characterize the detector such as
investigation of inactive material of the NaI(Tl) crystal, energy resolution of the
detector, investigation of coincidence summing effects and its correction. Chapter 5
discusses development and characterization of a 4πβ detector. MC GEANT4 was used
to design optimally a plastic scintillator as the 4πβ detector. Development of a 4πβ
detection system is described. Chapter 6 shows detailed implementation of a 4πβ - 4πγ
acquisition system. Chapter 7 describes standardization of Cobalt-60 activity including
source preparation and experimental setup. To measure activity concentration, an
offline-analysis method for performing coincidence counting, correction, weighted
mean calculation and efficiency extrapolation was proposed. Finally, Chapter 8
presents the conclusions and recommendations for future work deriving from the
results of this project.
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Chapter 2: Physics, Review of Detectors and
Applied Technique
In this chapter, we will discuss a basic concept of electron and gamma radiation
interaction with matter (section 2.1), with a focus on the radiation with energies
relevant to this project. In section 2.2 we will describe radioactive decay including
activity and decay, and type of decay. We also review literature on the following
topics: Scintillation Detector (section 2.3) involves the type of scintillation material
and the photomultiplier device; Data Acquisition System (section 2.4) describes the
electronic instrumentation module and digital methods utilised in this thesis; and
Standardization of Radionuclide Activity (section 2.5) discusses the 4πβ + γ detection
system, coincidence counting and its correction, and also efficiency extrapolation
technique.
2.1

Interaction of Radiation With Matter

2.1.1 Interaction of Electron Radiation with Matter
An electron is a negatively charged subatomic particle having a mass of 9.11 ×
10−31 kg (about 1800 times lighter than a proton or a neutron). The electron moving
through a medium can interact with atoms of the medium through various processes
due to coulomb interaction. By this interaction, the electron may lose their kinetic
energy or change direction (scatter). In general, the electron interactions can be divided
into two types, namely: collisional interactions (interaction with the atomic electrons
of the medium) and radiative interactions (interaction with the atomic nuclei of the
medium). The electron interactions are influenced by the distance of the incident
electrons to the atomic radius of the absorbing medium.
•

When the distance of the incident electron is much longer than the atomic
radius (soft collision), the coulomb force of the incident electron affects the
atom as a whole. This process can result in excitation of atomic electron and
some of the energy from the electron interaction is transferred to the atom of
the absorbing medium.
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• When the distance of the incident electron is approximately equal to the atomic
radius (hard collision), atomic electron is ejected with significant kinetic
energy. However, this process is less likely to occur.
• When the distance of the incident electron is much shorter than the atomic
radius (radiative interaction), electron passes near the nucleus and interacts
with the nucleus coulomb force. The direction of electron can be changed
(scatter). Bremsstrahlung radiation occurs when electron interacts with the
coulomb field of the nucleus and releases energy through the emission of
photons.
For positrons which are positively charged electrons, an annihilation process
occurs when a positron interacts with an atomic electron creating two 511 keV
annihilation photons.
2.1.2 Interaction of Gamma Radiation with Matter
Different to charged particles, photons are electrically neutral and do not
completely lose energy as they pass through matter. As a result, photons can travel
more distance before interacting with atoms. In the interaction, photons may be fully
absorbed or may scatter and change their travel direction, with or without losing their
energy.
There are three main types of photon interactions that generally occur, namely
photoelectric absorption, Compton scattering and pair production. In these
interactions, the photon transfers some or all of its energy to the atomic electrons.
Figure 2.1 shows photon interaction mechanisms for energies more than 10 keV. We
can see that the dominant interaction of γ-rays or photons, depends on the energy of
the photon and the atomic number (Z) of the absorber material. Understanding of
gamma interaction with matter is an important principle to understand and interpret
the complex energy response of the gamma detector.
For a very large detector, a full energy peak is the result of a complete deposition
of energy from a photon within the detector that may involve several interaction steps
of photolectric, Compton, and pair production processes. Regardless of the interaction
pathway, if all these interactions occur within the detector sensitive volume, all of the
energy is detected resulting a full energy peak response.

4
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Figure 2.1: The three dominant photon interaction mechanisms depend on the photon
energy and the atomic proton number Z of the absorber material. Reproduced from [9].

Photoelectric Effect
In the photoelectric absorption process, an incoming γ-ray is fully absorbed by
an atom of material and all the incoming energy is transferred to an outgoing electron.
The outgoing electron or photoelectron receives the remaining energy (Ee) as shown
in Equation 2.1
𝐸𝑒 = 𝐸𝛾 − 𝐸𝑏

,

(2.1)

where Eγ is the incoming photon energy, and Eb is the binding energy of the
ejected electron. A vacancy in the original shell which is created by this photoelectron
ejection can be filled by either the capture of a free electron from the medium or
through rearrangement of electrons in the atom, resulting in the emission of
characteristic X-ray or Auger electron. This mode of interaction is the dominant
mechanism for low energy photons [10].
Compton scattering
Compton scattering or Compton effect is an inelastic collision of the interaction
process between a photon and an orbital electron as shown in Figure 2.2. The incoming
γ-ray or photon is deflected by the electron and transfers a portion of its energy to the
electron. Because the energy transferred to the electron depends on the scattering angle
and all angles of scattering are possible, the energies of scattered photons result in
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continuous distributions in the energy spectrum. The energy of the scattered photon is
formulated by:
𝐸𝛾

𝐸𝑠 =
1+

𝐸𝛾
(1 − cos 𝜃)
𝑚0 𝑐 2
,

(2.2)

where 𝐸𝛾 is the incident gamma energy, 𝑚0 𝑐 2 is the rest mass energy of the electron
(0.511 MeV). Since the photon loses some of its energy, the photon can interact
consecutively with the material of detector until all energy is transferred or it leaves the
material. The interaction causes a deposition of the photon energy in the material. The
Compton scattering probability in the material is determined by the photon energy and
the electron density in the absorber material.

Figure 2.2: Compton scattering occurs due to the interaction of the incident photon with the
target electron.

Pair production
Pair production takes place only for high energy γ-rays or photons. In this
interaction, the photon is transformed to matter in the form of an electron-positron
pair. Any γ-ray energy above 1.02 MeV is transferred to the kinetic energy of the
electron-positron pair. The positron eventually interacts with a free electron and
annihilates; producing two 511 keV photons which are emitted in opposite directions
to conserve energy and momentum.
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2.2

RADIOACTIVE DECAY
Radioactive decay is a process in which an unstable nucleus emits radiation

which causes the state of the nucleus to change. An unstable nucleus is usually a
nucleus that has excess energy, which then through various mechanisms of energy loss
will decay to a lower energy state. Each radionuclide decay has a specific half-life and
has one or several decay modes. The decay is a spontaneous event and random.
Therefore, it is unpredictable when an individual radionuclide will decay, but the
probability of how many radionuclides from a group will decay in a given time can be
predicted. Below will be explained about mechanism of the energy loss that relevant
to this thesis and also radioactivity calculation.
2.2.1 Activity and Decay
Radioactivity or radiation decay activity is defined as the amount of
disintegrations per second. Radiative activity (A) of a radioactive source or substance
is determined by the number of radioactive nuclei (N) and the decay constant of the
radioactive nucleus (λ).

𝐴=−

∆𝑁
= 𝜆𝑁
∆𝑡
(2.3)

The decay constant (λ) is unique for each radionuclide which means that the λ
value will be different from one nuclide to another nuclide. The λ is a rate per second
while the standard unit of activity is Becquerel (Bq) with the following values:
1 Bq = 1 disintegration per second
The Equation 2.3 above can be further derived obtaining the following correlation:
𝐴 = 𝐴0 𝑒 −𝜆𝑡
(2.4)

𝜆=

ln(2)
𝑇1/2
(2.5)
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where A0 is the size of an initial population of radioactive atoms at time t = 0 and
𝑇1/2 is the half-life of radionuclide.
According to Equation 2.4, the number of radioactive nuclei contained by a
radioactive substance will decrease continuously following a negative exponential
curve, as well as the radioactivity as shown in Figure 2.3.

Figure 2.3: Common decay of the activity of a radioactive source.

To simplify the description of the decay rate of radionuclide, a new parameter is
often used, namely the half-time (T½) which is defined as the time interval required
by a radionuclide to decay to half of its original activity. As shown in Equation 2.5,
the value of T1/2 itself is inversely proportional to the decay constant so that it has units
of time. The half-life of a radionuclide varies widely from the order of minutes to years
or even hundreds of years. Practically, this half-time parameter is more frequent and
easier to use than the decay constant.

2.2.2 Type of Decay
Each unstable nucleus will decay or turn into another more stable nucleus by
emitting radiation. There are three most common types of decay: alpha decay (𝛼decay), beta decay (𝛽-decay), and gamma decay (𝛾-decay).
Alpha Decay
This decay occurs most frequently in the high-Z nuclei (Z> 82) [11], and
involves the 𝛼 particle emission (4He nuclei, consisting of 2 neutrons and 2 protons).

8
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Since the 4He nucleus is a solidly bound system, it can produce the maximum release
of kinetic energy for the nucleon mass of which it is composed [10]. The process of
this decay can be represented by:
𝐴
𝑍𝑋𝑁

→

𝐴−4
𝑍−2𝑋′𝑁−2

+ 42𝐻𝑒2

Beta Decay
In this decay, a change occurs in the parent nucleus, namely the conversion of
protons into neutrons or vice versa [10]. To achieve the conversion, β decay involves
an electron or a positron. Neutrinos (𝑣) or anti-neutrinos (𝑣̅ ) are also emitted at this
decay that provide a characteristic end point energy. There are three types of β decay
that can occur:
β− decay,

𝑛 → 𝑝 + 𝑒 − + 𝑣̅

β+ decay,

𝑝 → 𝑛 + 𝑒+ + 𝑣

electron capture, 𝑝 + 𝑒 − → 𝑛 + 𝑣
β− decay occurs when a radionuclide which has more neutrons than protons
changes the state of the nucleus via a neutron to a proton. This decay transforms the
atomic number of the nuclide so that the daughter nuclide is 1 unit larger than the
parent radionuclide. Emission of the electron is also accompanied by the emission of
an elementary particle, an antineutrino, which has negligible mass and no charge.
Neutrinos and anti-neutrinos are products of a β− decay reaction, they do not
fundamentally exist in a nucleus [12].
Figure 2.4 shows the decay scheme of a radionuclide Cesium-137 with a halflife of 30.05 years, which decays to stable Barium-137 via β− decay [13]. Direction of
release of radiation β− is depicted to the right because of the number of daughter
nuclide protons is greater than the number of protons of the parent nuclide. Three
different processes of β− decay create three nuclear energy levels of the daughter 137Ba.
Approximately 94.36 % of the β− particles emitted have a top energy of 513.97 keV,
0.00061% have a top energy of 892.1 keV, and the remaining 5.64% have a top energy
of 1,175.63 MeV.

137

Ba nuclides that produced from the β− emission of 513.97 keV

can decay to the ground state with 84.99 % of the γ emission intensities with an energy
equivalent to 661.66 keV (resulted from 1175.63 keV – 513.97 keV). Similarly, the β−
emission of 892.1 keV can decay to the ground state with 0.00058 %t of the γ emission
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intensities with an energy equivalent to 283.5 keV (resulted from 1175.6 keV – 892.1
keV). A process of the 137Cs nuclides (5.64%) β− decay directly to the ground state.

Figure 2.4: A simplified decay scheme of 137Cs to stable nuclide 137Ba via β− decay.
Reproduced from [13].

β+ decay occurs when a radionuclide which has an excess of protons transforms
the state of the nucleus via a proton to neutron. The atomic number of the daughter
nuclide is reduced by 1 unit in comparison with the parent nuclide. The result of a β+
decay is to transform a proton in the nucleus into a positive electron (positron) and a
neutrino. For example, in Figure 2.5 is shown as the β+ decay scheme from Sodium22 radionuclide to stable nuclide Neon-22. The radiation direction β+ is showed
towards the left because the atomic number of the daughter nuclide is smaller than the
parent radionuclide.
The nuclide

22

Na can decay by 9.64% of electron capture and 90.3% of β+

emission, to produce immediately (0.00524 ns) 22Ne product nuclides. Only 0.055%
of the β+ emission decay directly to the ground state. All the 22Ne energy level decay
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with the emission of gamma-ray emissions of 1,274.58 keV energy, representing the
energy level difference of the two 22Ne energy level and also the energies difference
of the two β+ decay processes (resulted from 1821.02 keV – 546.44 keV).

Figure 2.5: A simplified decay of β+ from 22Na to stable nuclide 22Ne. Reproduced from
[14].

The decay through electron capture occurs when a radionuclide has an excess of
protons, neutralizes a proton in the nucleus with a capture of electron in the atom shell.
Generally, the electron is more frequently captured from the K shell (the atomic shell
closest to the nucleus). After one electron from the K shell is attracted to the nucleus,
an electron vacancy in the K shell is filled by electrons from the outer orbital. Figure
2.6 shows an example of a radionuclide decaying by electron capture. This
phenomenon is accompanied by the release of elementary neutrino particles.
The nuclide 109Cd decays by electron capture, to yield immediate 109Ag product
nuclides in the ground state. The 109Ag isomers in the excited energy state decay with
the 88 keV gamma-ray emissions, representing the difference of the two energy levels
(215.5 keV and 127.5 keV).
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Figure 2.6: Cadmium-109 decay by electron capture to stable nuclide of

109

Ag [15].

In addition, the electron deexcitation is accompanied by emission radiation in
the form of fluorescent and characteristic X rays. If these X rays still have large enough
energy to eject electron of the outer shell, the kinetic energy of the ejected electron is
equivalent to the difference between the X-ray energy and its binding energy. This
ejected electron is called an Auger electron.

Gamma Decay
Unlike the previous types of decay, γ decay does not result in a change in atomic
number nor in the mass number. This decay emits radiation of electromagnetic wave
(photons). γ decay is usually preceded by α or β decay to a state of the daughter
nucleus. The decay process of α and/or β followed by the emission of one or more γrays may result from the excited state of the daughter nucleus to the ground state. The
-ray emission has a specific energy resulted from the energy difference between
nuclear levels of the daughter nuclide. All - rays are photons that has been described
in section 2.1.2.

12

Chapter 2: Physics, Review of Detectors and Applied Technique

2.3

SCINTILLATION DETECTOR
A scintillation detector measures radiation via the conversion of deposited

energy into scintillation light, which is then converted into a charge that is proportional
to the generated light. This detector consists of three primary parts: the scintillation
material, the light detector, and the data acquisition system. When a particle hits the
scintillating material, the scintillation material converts the energy deposition of the
incoming ionizing radiation to visible light or optical photons with peak wavelengths
between 220nm and 550nm [16]. Information about the deposited energy can be
obtained from the number of optical photons produced. This number refers to the mean
number of photons because the production is a statistical process.
Before the optical photons reach the light detector, they are reflected or refracted
or absorbed

around the scintillation material. The light detector, such as

photomultiplier tube,

is designed to detect a light with particular wavelength.

Therefore, compatibility of wavelength characteristic between the generated light
(from the scintillator) and the light detector (photomultiplier device) is crucial. The
photomultiplier device generates electronic signals that have proportional amplitude
to the amount of light generated from scintillator (more details about the
photomultiplier device is given in section 2.3.2). As a result, a pulse height spectrum
is produced by data acquisition system.
According to Knoll, in general, an ideal scintillation material should provide
several characteristics such as: Linear and high efficiency of light; Transparent and
can transmit the light with insignificant interference; Easy to be manufactured; To
allow fast signal detection, the decay time of generated light should be as small as
possible; Refraction index of the material should be close enough to the glass, to avoid
significant light loss when connecting with the PMT or light detector [17]. In fact no
scintillation material can provide all these criteria. Therefore, trade off among those
characteristics is a solution to select a particular scintillator.
2.3.1 Material of Scintillator
The deposition of energy absorbed by the scintillator material will be converted
into detectable light. There are several main properties of the scintillator material,
including: light yield, wavelength characteristic, as well as rise and decay time. The
light yield is the average number of optical photons produced per energy deposited in
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the scintillator material (usually in units of light per keV or light per MeV). The
wavelength characteristic is a typical wavelength of the generated light. The rise and
decay times are the time for the scintillator to produce light and the time to decay the
produced light, respectively.
There are generally two types of scintillators: organic and inorganic scintillators.
Inorganic scintillators usually have a longer decay time than organic scintillators [16],
[17]. As for the light yield and energy resolution, organic scintillators generally are
lower light yield than inorganic scintillators [18], [19].
Organic Scintillator
Organic scintillator is made by the combination of aromatic hydrocarbons in
benzene ring structures. The valance electrons which combine with the molecules
produce scintillation lights. π bonds are the most common bonds in aromatic carbon
ring structures [17]. Electron levels or vibrational levels of π molecular orbitals can be
excited by incident radiation. Figure 2.7 shows the energy level diagram for the various
singlet and triplet states of the π molecular orbital state.
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Figure 2.7: Absorbed kinetic energy causes excitation from the ground state S0 to the excited
states S1, S2, S3 and also T1, T2, T3 (via intersystem crossing transition). Each S excited
levels consists of vibrational sub-levels such as S00, S01, and S02. De-excitation of the states
produces the prompt (fluorescence) and the delayed (phosphorescence) of scintillation light..
Reproduced from [17].

Absorbed radiation in the sub-level vibrations of the S state are followed by deexcitation process to the ground state (S0), resulting fluorescence and phosphorescence
process. The fluorescence mechanism is the process of emitting luminous photons
from S1 state to the S0 state. This process is a characteristic of the scintillator, namely
fast component. While the slow component is a decay process in which one of the
triplet states is excited (phosphorescence process).
Organic crystal has easy to shape characteristic and can be found in both liquid
and solid crystal form. Organic scintillator has sufficiently fast rise and decay times
(in the range of ns) that it can be applied at high rates of events.
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Plastic scintillator, which is a form of organic scintillator, is generally created
from a solid polymer base material and fluorescent emitter. Acrylic or Poly methyl
methacrylate (PMMA), polystyrene (PS), and polyvinyl toluene (PVT) is a common
base material used. This type of scintillator is very useful because of its ease of shaping
and fabricating. A wide selection of standard rod, cylinder and sheet sizes is
commercially available in the market [18]. In addition, plastic scintillators have the
advantage of being relatively inexpensive compared to inorganic scintillator, so this
type of scintillator is a practical choice when large volume solid scintillators are
needed. Plastic scintillator materials are utilised in this work for the β detector. Specific
materials and design are further described in s Chapter 5:.
Inorganic Scintillator
Inorganic scintillators generally have a high density due to the larger Z of
materials, so it has better absorption for high-energy photons. Inorganic scintillators
are widely used in particle and nuclear physics because they have a fairly high light
yield and good response linearity. Because inorganic scintillators have fast rise times
(order of ns) and slow decay times which can reach tens milliseconds [19], the
response of inorganic scintillators much slower than organic ones as shown in Table
2.1.
Table 2.1: Properties of several common scintillation crystals. NaI(Tl) and EJ-212 are
utilized in this project.

Inorganic

Organic

NaI(Tl)

EJ-212

Density (gram/cm3)

3.67

1.023

Refractive Index

1.85

1.58

Decay Time (ns)

230

2.4

Emission Wavelength (nm)

415

423

Light Yield (photons/MeV)

38000

10000

Scintillator Properties

In contrast to organic scintillators, the fluorescence process occurs in molecular
bonds, for inorganic scintillators the fluorescence mechanism occurs in the electronic
band structure of crystals. Two energy bands, the energetic valence band and the
energetic conduction band, are separated by a gap several eV. Charged particles can
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excite electrons in the valence band towards the conduction band. Then it immediately
returns to the valence level by emitting a scintillation photon as shown in Figure 2.8.

Figure 2.8: Structure of energy band for an activated crystalline scintillator.

NaI(TI) is one common type of inorganic scintillator [16], [19]. This type of
scintillator can produce about 38000 optical photons per deposition of energy MeV
[19]. This light production is higher than plastic scintillator. However, NaI(Tl) has a
relatively long decay time of around 230 ns so it is not suitable for applications
requiring fast timing rates. At high counting rates, the phosphorescence process of
several pulses will accumulate and overlap. Another disadvantage of the NaI(Tl)
scintillator is hygroscopic that the performance will deteriorate with any exposure to
water. That is why it must be protected at all times and contained inside of a sealed
detector. NaI(Tl) is used for the gamma detector, which is further described in
Chapter 4:.
2.3.2 Photomultiplier Device
Photomultiplier Tube (PMT)
A Photomultiplier Tube (PMT) consists of several main parts: a photocathode,
dynodes, and an anode. The photocathode converts the incoming visible light into
electrons via the photo-electric process. Dynodes of the PMT have functions to
amplify electron by generating secondary electron. The electron yield from this
multiplication process is converted by the anode to produce electric signal. Next, the
signal is received by pre-amplifier circuit for further processing.
To produce electrons, the photomultiplier has two main processes [17], namely
the photoelectric process and the secondary emission process. The photoelectric
Chapter 2: Physics, Review of Detectors and Applied Technique
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process takes place in the photocathode. The secondary emission is the process of
generating additional/secondary electrons when electrons interact with the target
material.
Movement of electron in a photomultiplier tube is affected by the electric field
which is much determined by the configuration of electrodes and the voltage applied
to the electrodes. Figure 2.9 presents a general scheme of standard PMT with linearfocused dynode structures. Incident light arriving at the photocathode material can
create electrons via the photoelectric effect. The focusing electrode makes the first
dynode captures the photoelectrons emitted from the photocathode optimally. The first
dynode has a relative positive voltage to the photocathode and the second dynode has
more relative positive voltage than the first dynode and so on, producing more
secondary electrons. Multiplication of the photoelectrons occurs as they travel until
reach the anode where the charge collection is converted into an electrical signal.

Figure 2.9: Components of a standard photomultiplier tube (PMT) with linear-focused
dynode structures. Reproduced from [20]

PMT has a characteristic electron transit time which is defined as the average
time for optical photons to reach the photocathode (to be converted into electrons) until
electrons reach the anode (to be converted into an electrical signal). In common PMT,
the transit time ranges from 20-80 ns in most common PMTs [17]. PMT combined
with a scintillator which has a long decay time, the effect of the electron transit time is
negligible. However, for fast response scintillators such as plastic scintillators, this
characteristic time is very important because it has an impact on determining the
resultant timing properties [17].
Another important characteristic is Photon Detection Efficiency (PDE). This
refers to the percentage of the incoming optical photons and the resulting electron
18
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signal. This efficiency is highly dependent on the compatibility between the incident
photon's wavelength and the wavelength characteristics of PMT. Furthermore, dark
current or dark count rate also needs attention. This characteristic is the rate or
amplitude of the electrical signal that is generated by thermal excitation, when no
incoming optical photons are present. Fluctuation of the dark current value, which adds
to the measuring signal, has a significant impact on the uncertainty in measuring the
signal.
Silicon Photomultiplier (SiPM)
Since the inception of scintillation detectors as radiation detectors in 1948 [21],
PMT has been the popular light detector that is used together with scintillators.
However, the advance in semiconductor technology have resulted in various silicon
photo detectors which have several advantages over conventional PMT, such as a more
compact size, does not require high voltage to operate and is almost insensitive to
electromagnetic fields [22].
In the silicon photo diode, a periodic lattice structure of semiconductor
inherently forms the allowed energy bands. A forbidden area where electrons cannot
inhabit often separates these bands of energy. A simple description of this energy status
can be seen in Figure 2.10. When a photodiode absorbs an optical photon with an
energy larger than the band gap, an electron hole pair is created at the site of energy
deposition. These are then separated by the electric fields within the device, creating
current flow. The excited electrons will enter the conduction band and will flow
towards the positive voltage source. While the resulting hole flows towards the
negative voltage source so that the current will flow in the circuit. The number of
electron pairs or holes produced depends on the magnitude of the light intensity
absorbed by the photodiode. A more detailed explanation of how photodiodes work
can be found in [17]. This small charge created can be multiplied by an avalanche
process. The avalanche process is an accelerated flow of an electrical current when
sufficiently strong electrical field is applied.
Silicon photodiodes generally can be divided into two types: conventional
photodiodes and avalanche photodiodes. A conventional photo diode is a
semiconductor device that converts light absorbed by a photodiode into an electric
current. An avalanche photodiode is a very sensitive photo diode which has internal
gain by utilizing a high reverse bias voltage to multiply the number of charge carriers
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created. Meanwhile, Silicon Photomultiplier (SiPM) is a collection of many avalanche
photodiodes that operate in Geiger mode. In this mode, the voltage on each avalanche
photodiode is above its breakdown voltage to achieve a high gain.

Figure 2.10: The formation of a pair of electron and hole in silicon photodiode. E is the
energy of the incoming radiation and Eb is the band gap energy.

2.4

DATA ACQUISITION SYSTEM
In this discussion, we will explain methods for extracting information from

pulses generated by radiation detectors. In general, radiation detectors require a pulse
(or signal) processing electronic instrumentation device to extract the energy or time
information involved with radiation interactions. Linear pulses and logic pulses are
two common types of signal pulses in radiation measurement. Linear pulses are signal
pulses that have information on their amplitude and shape. Whereas logic pulses are
signal pulses of standard shape and size that carry information only by their presence.
Linear pulses are mostly generated by radiation detectors and are subsequently
converted into logic pulses.
In a radiation detector that is operated in pulse mode, the detector generates
output of pulses whose shape and amplitude can carry specific information. These
pulses can be processed by various electronic instrumentation modules in the signal
chain. Furthermore, the pulses are converted into logic pulses so that they can be
recorded by the system. Before the recording process, there are several ways to select
or filter the signal, so that only the signal of interest is recorded. This signal selection
is useful for saving bandwidth and memory of the system. Signal selection can be done
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electronically by hardware before the signal is converted into logic pulses or by
software after passing through a linear-to-logic converter module.
2.4.1 Electronic Instrumentation Module
The small charge signals representing energy from the relevant detectors, needs
to be manipulated to extract the information and to be suitable for the data acquisition
system. This is achieved by the use of a number of individual electronics modules that
perform specific tasks. Some of the modules commonly used in nuclear
instrumentation include Pre-Amplifier, Delay-Amplifier, Single Channel Analyser
(SCA), Multi-Channel Analyser (MCA), Time to Amplitude Converter (TAC) and so
on. Combinations of several modules can be assembled easily in a standard chassis
such as Nuclear Instrumentation Module (NIM) rack shown in Figure 2.11 Some
important modules which are used in this project will be discussed in this section.

Figure 2.11: Nuclear instrumentation modules that used for this work.
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Amplifier
Amplifier is an electronic device used to shape and amplify a pulse signal for
further signal processing. Preamplifier, a type of amplifier, is the initial common
component for signal processing in a radiation detector system. The pre-amp functions
both as a signal amplifier and as a balancing connector between the detector and
subsequent pulse processing units. This second function can be called crucial for the
preamplifier because it aims to deliver the detector signal without drastically reducing
the ratio of signal to noise.
Shaping of the output signal into pulses which are compatible with specifications
of the electronic module is very important to optimize the performance of radiation
detectors including scintillation detectors. Mismatched shaping can lead to significant
errors in reading the measurement data. As shown in Figure 2.12, when output from
pre-amplifier is not suitable for direct digitisation, a shaping amplifier is required. A
timing filter amplifier, another kind of amplifier, can be utilized for shaping the signal.
If the amplitude and shape of the signal from the pre-Amp are sufficient for the timing
discriminator input, further amplifier processing may no longer be required.

Figure 2.12: Pulse shapes of a pre-amplifier output (a) and a shaping amplifier output (b).

There are some important things regarding the amplifier such as the pile-up
phenomenon, which occurs when two signals from the radiation interaction arrive at
the detector simultaneously (usually occurs for high count rate measurements), can
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deteriorate the amplitude of the output pulse. In addition, low noise and fast rise time
are important aspects of the amplifier.

Multi-Channel Analyser (MCA)
Multichannel analyser (MCA), also called pulse-height analyser (PHA), is an
electronic device that functions to sort and collect pulse-height signals from a radiation
detector to build a digital visual representation. In simple terms MCA operates on the
principle of conversion of an analog pulse amplitude to a proportional digital number.
An analog-to-digital converter (ADC) is a key element in an MCA. Some of the
important parameters that are owned by the ADC are:
1. Speed of conversion
2. Linearity conversion between analog input amplitude and digital output
number
3. Conversion resolution, or the smallest recognizable change in analog input
that results in a change in digital output.
The ADC has a maximum number of addressable channels according to its bit
resolution. So, an ADC with 12-bit resolution will provide a maximum of 212, or 4096
channels of resolution. In practice, if electronic noise or instability results in a typical
channel profile, the effective resolution may be less than that value.
The gain conversion of the ADC determines the number of channels over which
the full amplitude range will be spread. For example, on a 4096-channel conversion
gain, 0 to 10V, the ADC will store 10 V pulses on line 4096. In addition, the ADC
conversion speed is an important factor in determining its dead time as well as the
overall MCA deadtime. The dead time of MCA typically consists of two components:
the ADC processing time and data storage time to memory.
There are several common features on most MCAs regardless of type or
manufacturer. The lower-level discriminator (LLD) and the upper-level discriminator
(ULD) are the important feature that determine the smallest and largest of the
acceptable analog input pulses for digitization. Discriminators can be configured to
reject unwanted low and high energy events, thereby reducing overall MCA dead time.
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Currently MCAs can be connected to computer systems that have some common
data analysis functions with numerical results that can be displayed visually. Some of
these general analysis functions are determining the centre position and width of the
spectrum peaks, energy calibration, the counts in a selected region of interest, and the
full energy peak area. Other additional functions include smoothing, normalizing, and
the background spectrum subtracting. A block diagram of general MCA system is
shown in Figure 2.13.

Figure 2.13: Main elements of a multi-channel analyser system for pulse height analysis.

Pulse Shape Discriminator (PSD)
A pulse generally carries information of amplitude and time. But in some
measurements, the shape of the pulse can also carry important information. In a more
general application, the tail pulse from the current across a large time constant will
show a change only in its leading-edge characteristics [17]. Therefore, this method
(PSD) can also be called the rise time discrimination method. PSD method takes
advantage of fast and slow components to identify particles by observing the pulse
shape. This method of identifying the difference in the shape of pulses can be applied
to several types of radiation detectors. Application of this method is often used in
detector scintillators to detect neutrons and gamma simultaneously [23]–[25].
There are two common approaches to implement pulse shape discrimination.
The first approach is based on an electronic method of detecting the difference in the
pulse rise time. The measurement of the rise time can be performed by using two
discriminators of constant fraction time to detect when the pulse crosses a level which
is a different percentage of its final amplitude [17]. The second approach is based on
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measurement of the total charge of two different time frames. The correlation of the
charges in the two regions forms a ratio which is approximately constant for pulses of
the same shape. This signal ratio is independent of the pulse amplitude. The two
approaches above have their respective advantages and are widely used in radiation
measurement.
In this study, we use the PSD charge integration method of two different time
periods, calculating the two charges, Qshort and Qlong, as shown in Figure 2.14. The
ratio between the tail charge which is the slow component (Qlong-Qshort) and the total
charge (Qlong) provides the PSD parameter (as shown in Equation 2.5) which can be
used for gamma-neutron discrimination. In the novel experimental finding, Adams and
White demonstrated this method in liquid scintillator successfully [23].

𝑃𝑆𝐷 =

𝑄𝑙𝑜𝑛𝑔 − 𝑄𝑠ℎ𝑜𝑟𝑡
𝑄𝑙𝑜𝑛𝑔
(2.6)

Figure 2.14: The long gate and the short gate of pulse are utilized to calculate PSD
parameter. Reproduced from [26].

2.4.2 Digital Methods
In the past two decades, the development of high-speed ADC with high
resolution has opened up more in-depth and accurate work for the digital processing
of detectors' pulses [27], [28]. A number of commercially available spectroscopic
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systems using digitizers have demonstrated significant advantages and improvements
over conventional analog methods. Digital processing allows the use of fewer
equipment to capture and save pulses. Currently digital pulse processing (DPP) is
widely used as standard by commercial detector systems [27].
We can use the digitizer to record the waveform coming from the detector. The
recorded data can then be processed in a number of ways. Further processing can be
applied to data from digitally recorded pulses without involving hardware in data
acquisition, so that further signal degradation that occurs due to temperature
fluctuations or noise conditions on the related equipment can be ignored. With this
method, the actual measurement is only performed once, but the stored data can be
processed repeatedly with different values and parameters. Therefore, in many cases,
digital processing can save time and money.
For radiation measurement in which time and amplitude of every single event of
detector signals are important, a digitizer provide the ability to store timestamps along
with event data and offer more than one channel for recording the data simultaneously.
The pulse shape discrimination (PSD) technique discussed earlier can easily be applied
by a digitizer. Systems using digital methods are able to collect all data from all
detectors and match them in a timely manner. In addition, the digital method has
advantages in terms of stability. It means there is no change or degradation of
information after conversion of analog data to digital data. Whereas in an analog
system, further processing will propose information degradation due to change in
temperature or line voltage.
There are several important parameters for the digital processing method:
•

ADC bit resolution: The ADC bit number determines the maximum number of
channels that can be provided for the maximum measured input voltage. a 12-bit
ADC has 4096 channels and offers a 1/4096 "digital resolution", or just under
0.025% for maximum input voltage. Therefore, the more bits the ADC has, the
more details the change of input voltage can be detected.

•

Effective Bits: Some fluctuation in the conversion process can be caused by noise
sources associated with the ADC. The significance of the Least Significant Bit
(LSB) in the converted code can be reduced if the noise is at a sufficiently high
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level. The concept of "effective number of bits" E is introduced with the following
definition:
𝐸 = 𝑁𝐵 − log 2 (

𝑅𝑀𝑆𝑛𝑜𝑖𝑠𝑒
)
𝜀
(2.7)

where NB is a number of the ADC bits and ε is the standard quantization error (in
ideal situations the value is 1 / 12). For example: if the RMS noise is twice E, the
12 bit ADC only delivers eleven effective bits.
•

Sampling Rate: Apart from being quantised in terms of amplitude, continuous
time domain signals also need to be quantised in terms of time. The sampling rate
is the frequency at which the ADC samples the input analog signal expressed in
Hertz (Hz). In general, the higher the signal frequency content, the faster the rate
of change of the signal. So the higher the sampling rate is needed to reproduce it
correctly. According to the Nyquist formula, the critical sampling rate or the
minimum required sampling rate must be twice the frequency of the input analog
[29]. In Figure 2.15 upper, the sampling rate is about ten times higher than the
highest frequency present in the input signal. So the result from the sample signal
is still a reasonable representation of the analog input signal. Whereas in Figure
2.15 lower, a lower sampling rate of about 1.2 times the highest frequency
indicates an imprecise representation of the analog signal. The results which are
not factual due to the selection of an incorrect sampling rate is called aliasing.
However, a significant increase in the sampling rate does not necessarily result in
a significant accuracy of analog signal readings. Increasing the sampling rate
actually increases the ADC operating costs. Ultimately, when the sampling rate is
increased it will result in more computer processing time and storage space in
memory or disk to process more data points generated. Thus, there is a trade-off
between sampling accuracy on the one hand, and memory space, computation
time on the other.
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Figure 2.15: In the upper figure, the sampling rate is about five times the Nyquist rate. The
sampling rate is reduced to about 0.6 times the Nyquist rate in the lower figure. Reproduced
from [30].

2.5

STANDARDIZATION OF RADIONUCLIDE ACTIVITY
Standardization of a radionuclide activity is a process that covers various aspects

ranging from source preparation [3] to the selection of the tools and measurement
techniques used [31]. The quantization of radionuclide activity is expressed in
Becquerel, namely disintegration per second.
Standardization techniques require good and accurate data on radionuclide halflife and decay scheme to the appropriate selection of the tools and measurement
techniques used [31]. In this study we use database of decay such as radionuclide halflives, particle emission probability, and energy, provided by Decay Data Evaluation
Project (DDEP), published as Bureau international des Poids et Mesures (BIPM)
monographs or hosted online on the Laboratoire National Henri Becquerel (LNHB)
website[32].
In radionuclide metrology it is necessary to demonstrate international
equivalence and consistency of the Becquerel unit. This simply means that 1 becquerel
of
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comparisons of Becquerel units from different countries are organized by The
International Bureau of Weights and Measures or BIPM.
Radionuclide standardisation is an important matter to provide correct quantity
and quality of radiopharmaceuticals. This is to ensure not only patient safety but also
a consistent foundation for international clinical trials [33]. In this discussion, we will
discuss some methods of activity standardization, by coincidence counting methods.
Some of the devices commonly used for the standardization process are ionisation
chamber, 4π proportional counter, liquid scintillation counter, well detector and
sandwich detector configuration.
2.5.1 A Review of 4πβ-γ Detection System
Since past few decades, the 4πβ-γ coincidence counting method has been known
well as an absolute method of radionuclide standardization [34], [35]. Proportional
Counter (PC), pressurized proportional counter or Liquid Scintillator (LS) [36] were
commonly utilized for the 4πβ channel.
However, the 4πβ (Proportional Counter) - γ method has a limitation in
measurement

condition

against

time

[4][37]

for

short-lived

radionuclide

standardization. A drawback of the liquid scintillation counter, which is known as an
excellent method for detection of beta emitters, is the production of radioactive waste
fluid that can burden our environment and consume time and money for disposal [38].
Plastic scintillator provides a cost-effective material and promising technology
to be harnessed as radiation detector for a coincidence counter. Baccarelli et al.
presented the original application of coincidence counting using 4πβ plastic scintillator
to perform radionuclides standardization [39]. In their design, one side of a plastic
scintillator disc was connected to the phototube to detect beta events while the other
was coupled to the NaI(Tl) scintillation detector. The plastic scintillator successfully
measured alpha emission of

241

Am and beta emission of

60

Co. They reported good

agreement between activity results obtained with the conventional 4πβ (PC) - γ system
and the 4πβ (PS) - γ system.
An initial 4πβ - 4πγ detection system using plastic scintillator as beta detector
was introduced by Kawada et al. [7]. Their paper showed construction of a large well
type NaI(Tl) scintillator as the gamma detector and two small plastic discs
sandwiching the source that inserted into the well as beta detector. Since high detection
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efficiencies can be achieved with both the 4πβ and 4πγ channels, the system can be
used to perform accurate absolute radioactivity measurements of low activity sources.
In addition to 4πβ(PS)-4πγ coincidence counting, the detection system can be used for
direct integral counting of the 4πβ + 4πγ logic sum signals, with the benefit that two
independent results are obtained for each measurement. This was demonstrated by the
radioactivity measurement of 134Cs and 60Co.
Using the same procedures, standardization of multi-gamma emitters 152Eu and
154

Eu was performed [40]. These two methods gave consistent results even for weak

sources of complex decaying radionuclides. Standardization of the short-lived
radionuclide 18F was done using the same technique, with results in good agreement
with the values obtained from the conventional 4πβ (PC) – γ measurements [41]. In
order to measure activity of 68Ge - 68Ga with the same method, several stages of source
preparation were performed to deal with critical loss of activity due to volatility of
68

Ge [42].
A similar 4πβ(PS)-4πγ detection system was developed by Nedjadi et al., with

the advantages compared with the 4πβ(PC) - γ system: the ability to standardize shortlived radionuclides such as

18

F, less labour intensive source preparation, and larger

beta and gamma counting efficiencies [8]. For the standardization of the radionuclide
18

F, Nedjadi [37] used thicker cylindrical scintillator compared to the work of Yamada

[41] in order to ensure capturing of all beta events. In the next years, Nedjadi proposed
three designs of geometry for plastic scintillator as beta detector [8]. In this
investigation, scintillators with 1 mm depth and 25 mm depth have a range energy
detection up to 350 keV and up to 2 MeV, respectively.
To overcome the difficulty of gamma ray resolution for overlapped peaks when
using a NaI(Tl) scintillation detector, a well- type HPGe detector was utilized in the
gamma detection of 4πβ - 4πγ counter [43]. They also presented a digital coincidence
counting system that allows offline extensive analyses using stored information of time
stamped pulse.
Furthermore, to gain β particle counting efficiency, some researchers showed the
4πβ - 4πγ coincidence counter using dual PMT for beta detection and a through-hole
type NaI(Tl) for gamma detection. This design emphasized beta event counting which
can be performed to determine the absolute activity. As a result, the accurate
extrapolation can be obtained [44].
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Even though many studies have shown that the 4πβ (PS) - 4πγ counting
technique is a propitious method for radionuclide standardization, several issues need
to be addressed. For example, plastic scintillator has a notable concern of spurious
pulses especially in low energy sources. Kawada et al. [45] studied the temperature
dependence of spurious pulses, applying a sandwich-type plastic scintillator attached
to a PMT. They found two major types of spurious pulses, namely time-dependent
afterpulses and time-independent random noise. The paper shows that the timedependent pulses occur generally within 20 microseconds after main pulses and the
intensity decreases suddenly with rising temperature, while time-independent pulses
was a random component and increased with temperature.
In addition, using one photomultiplier tube and plastic scintillator for 4πβ
detection only can receive less than a half of the original light. That makes the
generated pulse height spectrum not only come from the light from the side of the
scintillator directly to the PMT but also the reflection from the opposite scintillator
[46]. Moreover, variability of beta detection efficiency from source to source due to
randomness of the crystallization process during drying also needs to be investigated
[8].

2.5.2 Coincidence Counting Method
The coincidence counting method has been used for the last few decades and has
proven to be a powerful technique for the measurement of radionuclide activity [34],
[35], [47], [48]. The methodology for coincidence counting was provided by Campion
[34]. The coincidence counting can be applied to all radionuclides with simultaneous
emission decay of two or more radiations, such as β-γ, α-γ, electron capture – γ, γ-γ, γ
- X ray [48]. Application of this coincidence technique requires at least two
independent detectors, each sensitive to one type of radiation. A condition for the
method is that at least one detector must view the source in 4π geometry.
In β decay immediately followed by gamma emission, the coincidence counts
are based on the disintegration of the same atom. We assume 𝐴 is the source activity.
Neglecting all distortions or corrections, the single channel count rates of β and  are
𝜌𝛽 and 𝜌𝛾 , respectively, while 𝜌𝛽𝛾 is the coincidence count rate. Whereas 𝜀𝛽 is the
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efficiency for detecting beta particles, and 𝜀𝛾 is the efficiency for detecting gamma
rays. We can write:
𝜌𝛽 = 𝜀𝛽 𝐴

,

(2.8)

𝜌𝛾 = 𝜀𝛾 𝐴

, and

(2.9)

𝜌𝛽𝛾 = 𝜀𝛽 𝜀𝛾 𝐴 .

(2.10)

From equations above produce:
𝐴 =
𝜀𝛽 =
𝜀𝛾 =

𝜌𝛽 𝜌𝛾
𝜌𝛽𝛾
𝜌𝛽𝛾
𝜌𝛾
𝜌𝛽𝛾
𝜌𝛽

,

(2.11)

, and

(2.12)

.

(2.13)

Equation 2.11 yields the absolute activity which means it does not depend on the
detection efficiency for either gamma or beta channels. However, in practice absolute
activity is not independent or also influenced by other effects, such as counter deadtime
and the 'accidental' coincidences. Therefore, a correction for this effect is required to
obtain accurate activity. In addition, it is also necessary to note that 𝐴, 𝜀𝛽 , and 𝜀𝛾 are
correlated, so that a variation in one can introduce variations in the other two.
2.5.3 Efficiency Extrapolation Technique
On the principle of the coincidence as discussed in 2.5.2, disintegration events
are detected in both the β and γ-channels. The activity calculation of 𝐴 can be
expressed as equation 2.11. However, since the 4πβ detector is generally affected by
additional calculations due to its sensitivity to the γ transition, the counting rate
equation in the case of a simple radionuclide decay scheme must be modified [47] to
take into account the interactions of photons (including gamma rays and x rays) and
conversion electrons as below:
𝜌𝛽 = 𝐴 [𝜀𝛽 +

(1 − 𝜀𝛽 )(𝛼𝜀𝑐𝑒 + 𝜀𝛽𝛾 )
]
1 + 𝛼
,

𝜌𝛾 = 𝐴
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(2.14)

𝜀𝛾
1 + 𝛼
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𝜌𝛽𝛾 = 𝐴 [

,

(2.15)

,

(2.16)

𝜀𝛽 𝜀𝛾
+ (1 − 𝜀𝛽 )𝜀𝑐 ]
1 + 𝛼

where εce is the efficiency of detection for the conversion electron of the βcounter, εβγ is the efficiency of detection for γ -photon in β-detector, εc is the probability
of an additional coincidence of initial photon detected in the β-channel and α is the
coefficient of total internal conversion.
Except for special cases, most of the quantities on the right-hand side of
Equations 2.14 cannot be identified with adequate accuracy to obtain a reliable value
for A [48]. Utilizing a 4πβ detector, varying β efficiency and extrapolating it to unit
value can derive an accurate value of the activity, A, without needing to know the
precise values of the nuclear decay scheme parameters [49]–[51]. This method can be
expressed as:
𝜌𝛽 = 𝐴 [1 − 𝑓1 [1 −

𝜌𝛽𝛾
]] → 𝐴,
𝜌𝛾

𝑎𝑠

𝜌𝛽𝛾
→ 1,
𝜌𝛾
(2.17)

or equivalently
𝜌𝛽𝛾
1
−
𝜌𝛽 𝜌𝛾
𝜌𝛾
= 𝐴 1 − 𝑓2 [ 𝜌
] → 𝐴,
𝛽𝛾
𝜌𝛽𝛾
𝜌𝛾
[
]

𝑎𝑠

𝜌𝛽𝛾
→ 1.
𝜌𝛾

(2.18)
Practically, the functions of 𝑓1 and 𝑓2 are supposed to be polynomials in
[1 −

𝜌𝛽𝛾
𝜌𝛾

1−

] or [

𝜌𝛽𝛾

𝜌𝛾
𝜌𝛽𝛾

].

𝜌𝛾

In addition, this method has to be corrected for effects of dead time, resolving time,
and background.
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Chapter 3: GEANT4 Model of Detectors
In recent years, Monte Carlo (MC) method plays an important role not only in
particle physics but also in radiation protection, dosimetry, nuclear medicine and so
on. It has been widely recognized that the application of MC techniques to radiation
detector modelling is important for understanding the complex physical interactions
that cannot be experimentally measured or cannot easily be reached. MC simulation
provides an invaluable resource for the characterization and analysis of radiation
detectors [52], [53] and supports an understanding of the operating limits. Simulation
studies can also provide a way to determine the required corrections and provide
important information about the experimental conditions that must be met to achieve
optimal measurement. For development of a new radiation detector, modelling using
MC method offers certain advantages such as providing significant savings on cost
and time regarding design and prototyping. Moreover, we can also obtain a deeper
understanding on the complex processed that occur.
In this section, we present GEANT4 as a MC simulation that focuses on the
simulation of detector components, and simulation of energy deposition and optical
photon as well. Hence, a complete description of GEANT4 is not described in this
thesis. More comprehensive introduction and descriptions can be found in the
GEANT4 User Documentations [54], [55].
A brief review of MC simulation for radiation detector is presented in section
3.1. In section 3.2 we describe the important components that be used in our GEANT4
simulation including optical photon. Modelling of the well-type NaI(Tl) detector
utilised in this work is showed in section 3.3. Plastic scintillator, which is also used in
this project, will be discussed in Chapter 5:.
3.1

MONTE CARLO SIMULATION FOR RADIATION DETECTORS
MC methods use random techniques to solve the problems that are ideal using

computer simulation. By simulation, increasing the number of iterations, which is an
easy task for the simulation program, will improve the accuracy of the obtained results.
A fast-processing computer can speed up the simulation process. Furthermore,
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decreasing cost of the computer hardware year by year adds to the advantages of this
method. The MC simulation was performed with 1 x 108 histories on a hardware setup:
Intel processor i7-8650U and RAM 16GB.
MC simulation technique can be harnessed extensively for simulation of
radiation detection system. GEANT4, one example of a MC program, allows accurate
modelling of radiation detector with user-friendly configuration and interface and with
excellent accuracy on the modelling of physical processes as well. The GEANT4 MC
simulation toolkit [54], [55] presents a multipurpose and comprehensive software
package for a wide range of physics processes based on theory, data or
parameterization. It has ability to handle complex geometries efficiently and concisely
and also provides visualization of the geometry and particle tracks as well through
various interfaces [56], [57]. MC of this project was developed using GEANT4 version
10.3. patch02 [56]
Some researchers showed the importance of MC simulation as preliminary
feasibility study for a plastic scintillator as radiation detection [58], [59]. Moreover,
MC simulation has been presented to calculate the efficiency of NaI(Tl) detector in a
single framework when numerous experimental conditions vary [60]. Even without
optical photon simulation, applying a Gaussian broadening response on the pulse
height distribution obtained by the MCNP code (one of MC program) is able to provide
a realistic resolution of the detector [52], [53]. In addition, certain optical behaviours
of some scintillation crystal configurations could be modelled by the MC method.
Salgado et al. showed an agreement between the MC simulation and the experimental
results for a detector based on a scintillator, coupled to a Photo-Multiplier Tube
through a glass window [52].
Other work using MC modelling of optical processes have validated these
models and allowed work to optimise timing performance of scintillation detector
systems [61], [62], [63]. Detector responses and photon transit times were successfully
simulated by properly specifying the optical properties and detector geometry [62].
MC simulation was applied satisfactorily for estimating the coincidence resolving time
for a scintillation detector with both single-ended and double-ended photodetector
readouts [63].
MC simulation was utilized to model beta-gamma coincidence counting using a
spherical plastic scintillator and well-type scintillation crystal [64]. This research
36
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mentioned that the optimum coincidence efficiency signal could be affected by the
relative position of the plastic scintillator to the scintillation crystal. Bobin’s team also
described implementation of the 4πβ (LS) - γ coincidence counting based on the
GEANT4 optical photon simulation [65]. In their work, the simulation could predict
activity determination due to eventual non-linearity of efficiency extrapolation curves.
Furthermore, MC simulation also was successfully performed to predict the
extrapolation in order to determine absolute activities using coincidence counting [44].
3.2

COMPONENTS OF GEANT4 SIMULATION
GEANT4 which is written in C++ code is open-source MC toolkit developed at

Conseil Européen pour la Recherche Nucléaire (CERN) [56]. GEANT itself stands
for GEometry ANd Tracking. It is intended to simulate the passage of particles through
matter. Transportation of a particle is recorded until it is terminated due to being
absorbed by material volumes in the model, or passing through the boundaries of the
world volume [56], [57]. History of secondary radiation generated from the scattering
and absorption of the particle is also recorded. Once a particle and its secondary being
tracked, a new particle is emitted, and its history is tracked.
The GEANT4 provides several sample programs with various topics that can be
applied or modified directly by the user. GEANT4 has various ready-use modules that
can

be

utilised

by

users

such

as

EMStandardPhysics,

Livermore

and

RadioactiveDecay. In addition, the details in the module can also be modified as
needed [55]. This makes it easy for user to simulate the desired object efficiently.
To make a simulation on GEANT4, we need to define at least three main
components: DetectorConstruction, PhysicsList and PrimaryGeneratorAction. In the
DetectorConstruction, we need to create a “world” volume as a parent geometry with
certain materials and geometries. Daughter Geometries can be added inside the
“world” volume with the same or different material. The user can describe the physics
process on the PhysicsList by choosing modules or defining this manually. For
PrimaryGeneratorAction, the user needs to determine what particles will be generated
initially.
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The number of primary particles ejected represents the number of events in the
simulation. The user can determine how many events will be executed. Each event can
consist of one or several interaction steps.
We can get tracking history on each event such as energy deposits per step, type
of particles that interact, position, trajectory, and time. As a result, data information or
graphics such as energy spectra or time spectra can be created by GEANT4
simulations.
3.2.1 Physics List
The physics process of this simulation uses a low energy electromagnetic model
ranging from 250 eV - 100 GeV. Implementation of this process can be performed
manually or using available modular physics lists such as G4EmLivermorePhysics,
G4EmPenelopePhysics or G4EmStandardPhysics. Several processes can be defined in
the physics list including electromagnetic interactions, radioactive decay, cut-off
threshold and specific stepping processes. We can use stepping process to get detailed
information about the process being simulated such as particle type, volume, and
deposited kinetic energy.
In the physical list, there are at least three things that must be defined to be
implemented. First is ConstructParticle, where we define all the particles that will be
used in the simulation. Next is ConstructProcess, which determines the interaction
model that the particles will implement in the simulation. Geant4 provides several
major categories of interaction processes for example: electromagnetic, hadronic,
decay and optical. The last one is SetCuts, where we define the cut-off threshold for
particles. In simple terms, particles will not be traced if the range of residues in the
material is less than this cut value.
3.2.2 Generating Particle
Generated particles are defined through primary particle generators. We can
determine the type of particle to be generated, the energy, the direction and so on. This
process can be done interactively where the user writes the command code, or through
implementation of a batch file where the commands are listed. GEANT4 produces
radioactive decays through two methods, namely using the radioactive decay module
and using a user-defined library. The first method is much easier because the user only
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needs to define ions with parameters Z, A, and excitation values. Then, radioactive
decay module will simulate the disintegration process.
The radioactive decay module in GEANT4 uses data obtained from the
Evaluated Nuclear Structure Data File (ENSDF) [66]. This radioactive decay module
includes a decay cascade process, in which an excited nucleus can emit γ-ray emissions
or the emission of multiple decay products such as α, β and γ radiation, before reaching
a stable state.
Optical photons in GEANT4 have different physical interaction processes than
ordinary particle physics such as gamma or electron. To generate optical photons, the
user needs to determine the properties of the material that the optical photon will
transport and the boundary of the material. More detailed description of optical photon
used in this study will be explained in section 3.2.5.
3.2.3 Material and Geometry Construction
Material and geometry of the model must be defined as precisely as possible to
produce an accurate simulation. Geometry and material in GEANT4 are written in the
DetectorConstruction file. Simple shapes can be created with the basic solids function.
Furthermore, we can also create complex shapes by combination of these simple
shapes utilizing geometrical functions such as Boolean, unions, and replicas.
Materials can be defined using the GEANT4 material database. This database is
sourced from the National Institute of Standards and Technology (NIST) which
includes a huge number of elements (materials), nuclear materials, and chemical
compounds. If the data of the required material is not present, we can define it
manually based on atomic weight, Z number, and density.
To perform optical photon simulations, optical properties need to be defined in
the detector construction for each material that interacts with optical photons [58].
Optical properties in materials include refractive index, absolute length and rise and
decay time. In addition, surface and boundary processes also need to be specified in
the detector construction as well.
3.2.4 Scoring
In general, we can extract information from the simulation results through two
main methods. The first method is through a scoring mesh. It places a grid of a defined
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position and size over the geometry and accumulates the needed information during
the simulation. The accumulated information could be energy deposited, dose, surface
flux, etc. Meanwhile, the second method utilizes the setting of sensitive volume in
geometry and reads the information in this sensitive volume every step as needed. In
this thesis, we use the second method for all simulations. Information on each step by
the impinging particle is recorded, and these steps are then accumulated to get the total
energy stored per event.
In the simulation of the NaI(Tl) scintillator, detector responses are scored in the
SteppingAction class. Specifically, the number of energy hits in the scintillation
material and the number of absorbed optical photons in the photocathode of PMT are
recorded in the simulation. The Gaussian Energy Broadening of the energy deposition
due to the PMT characteristic is modelled external to the GEANT4 code.
The deposited energy or the absorbed photon is collected from the selected
volume in SteppingAction at each step and they are accumulated in EventAction.
Then, the accumulated result in the final of each event is summed over the all events.
Finally, we can get the result histogram data that are saved as a tree of a ROOT file
[67]. ROOT is a generic data analysis code produced by CERN.
A simulation consists of generating a number of events from a simulated source.
Before we run a simulation, we need to determine this number, which is linked to the
activity of a physical source that we wish to compare it to. For example, if we want to
simulate a radiation source that has an activity of 10 Becquerels accumulated over a
minute in duration, we can generate 600 events (10 disintegrations x 60 seconds) for
running the simulation.
3.2.5 Optical photon
If the photons have a wavelength much greater than the typical atomic spacing,
they are considered to be optical. GEANT4 treats optical photons as a class of particles
distinct from gamma particles which have higher energy. G4OpticalPhysics
implements optical photon production and optical transportation through the geometry
while imposing, absorption, refraction, and reflection conditions at each defined
material boundary. Several parameters should be defined related to optical interactions
on the PhysicsList and on the optical properties of the material such as:
•

40

Refractive Index: refractive index of the material,
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•

Absolute Length: the maximum distance of the optical photon can be
transported in the material,

•

Scintillation Yield: the amount of generated optical photon in the scintillation
material per deposited energy,

•

Yield Ratio: the probability of deposited energy into the generated optical
photon in the material,

•

Resolution Scale: the resolution or broadening of the resulted spectra,

•

Fast and Slow Time Constant: The rise time of the fast component and the fall
time of the slow component.
Based on Snell's law, GEANT4 simulation calculates the probability of

reflection and refraction. In simple model, the optical surfaces process consisting of
reflection and refraction is influenced by refractive indices of two attached materials.
In order to quantify absorbed optical photon in the detector material, optical
absorption of G4OpAbsorption is used. Process of optical absorption in GEANT4 is
straight forward where it is merely process of killing particles. Normally, a photon will
be absorbed by the medium if it travels a distance as far as the absorption length of the
medium. We must determine the empirical data for the absorption length
(ABSLENGTH)

by

adding

it

via

the

AddProperty

method

of

the

G4MaterialPropertiesTable.
Scintillation Process
An ionization event in the transparent material of the scintillator produces a flash
of light. The energy absorbed by the scintillator substance is released in the form of
fluorescent photons with a specific wavelength. Each type of scintillator has unique
characteristics in terms of scintillation yield, refractive index, absorption length,
intrinsic resolution, and fast and slow decay time. In addition, the scintillator also has
own photon emission spectrum. In order to generate an identical light with the real
scintillator, we need to declare the scintillator characteristics based on its datasheet in
our simulation as shown in Figure 3.1.
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Figure 3.1: An example of GEANT4 code for the optical properties of EJ-212 plastic
scintillator [68].

Boundary Process
The behaviour of the optical photons arriving at the boundary of the medium
depends on the properties of the two materials joined at that boundary. These optical
photons can experience total internal reflection, reflection, or refraction. Some factors
can influence those conditions such as the photon's wavelength, the angle of incidence
of the photons, and the refractive indices on both sides of the boundary.
In a simple case, we only need to provide the refractive indices of the two
dielectric materials for a perfectly smooth interface. The declaration of refractive
indices is stored on the G4MaterialPropertiesTable in each medium. The use of
boundary surfaces in optical boundary processes requires a combination of two
volumes positioned with G4PVPlacement. In the optical photon transport simulation
starting from the scintillator to the detector material, several combinations of two
volumes can be conducted in many places sequentially.
In more detail, we can define the optical surface process in G4OpticalSurfaces
through surface models, surface types and surface finishes. For the latest surface
models, GEANT4 uses a UNIFIED model as shown in Figure 3.2. From the figure,
we can summarize that dielectric-dielectric and dielectric-metal are surface types.
While surface appearances consist of Polished, Ground, PolishedFrontPainted,
GroundBackPainted and so on [54].
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Figure 3.2: Summary of the UNIFIED Model for Optical Surfaces and its influences on the
GEANT4 optical photon simulation. Reproduced from [54]. The red rectangle indicates the
surface types between two mediums and the green rectangle presents the appearance of
surfaces.

In the case of the boundary of a medium between dielectric and metal, the
photons can be reflected back to the dielectric or the photons can be absorbed by the
metal. We can also simulate a combination of surface finish properties, such as ground
or polished and back painted or front painted. An example of the GEANT4 code for
declaring surface and boundary process is shown in Figure 3.3.
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Figure 3.3: An example of GEANT4 code for declaring surface and boundary from
Scintillator to PMT.

The use of the UNIFIED model also provides several different reflection
mechanisms (as depicted in Figure 3.4), including specular lobe, specular spike,
diffuse lobe, and backscatter spike. In the simulation, those four probabilities must add
up to one. Specular lobe is the probability of reflection about normal in a micro facet
whereas specular spike is the probability of reflection about the average of the normal
surface. The diffuse lobe represents the internal Lambertian reflection probability, and
the backscatter spike represents a case of multiple reflections in a deep groove with a
precise result of backscattering.
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Figure 3.4: Reflection type in the UNIFIED model. Reproduced from [69].

3.3

MODEL OF THE WELL-TYPE NAI(TL) DETECTOR

3.3.1 The Well-type NaI(Tl) Detector
We modelled a well-type NaI(Tl) detector that was utilized for the 4πγ counter.
The “Nolan” (given name from ANSTO) detector, which is manufactured by Scionix
Netherlands in 2014, is installed at ANSTO. It was calibrated by manufacturer on 15
May 2014. It resulted 7.1 % for energy resolution of 662 keV full energy peak of 137Cs.
The detector has dimension of 127 mm in diameter and 127 mm in length, with
a 30 mm (diameter) by 75 mm (length) well located along the main axis of the detector,
as shown in Figure 3.5. The thickness of aluminium seal, reflector, glass window of
PMT, and photocathode are 0.6 mm, 0.2 mm, 2 mm, and 3mm, respectively. The
modelled detector consists of a volume of NaI(Tl) surrounded by a Teflon reflective
layer except a side of PMT, followed by the outer aluminium lining as shown in Figure
3.5.
This model refers to the manufacturer datasheet. The detector is housed inside a
195 mm thick lead shielding that is in the shape of cylinder. The shielding is used to
minimize the influence of external magnetic fields. The NaI(Tl) crystal is integrally
coupled to a 134 mm diameter Photo Multiplier Tube (PMT) and has a built in a
voltage divider and preamplifier. The photocathode is made from bialkali material.
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Figure 3.5: Diagram of the well-type NaI(Tl) detector and shielding with its dimensions.

Detector Construction
Material and geometry of the detector need to define correctly in the
DetectorConstruction of GEANT4, as close as possible to the physical detector. Due
to the existing multiple layers in the detector, every time we combine two objects, we
need to check overlaps in the detector geometry. The detector model consists of several
geometric shapes that are combined in boolean solid operation such as G4UnionSolid
and G4SubtractionSolid. We built complex shapes of the well type NaI(Tl) detector
from the individual components of the detector using G4Solid, starting from
assembling them in their correct positions and then positioning the entire assembly as
one final object. This technique has advantages: writing source code is easier to
manage and code of detector components is easy to copy as many as needed. The
simulated geometry for the detector is shown in Figure 3.6. In the development of
detector models, we often found several sources of error which were dominated by
geometric inaccuracies of the detector such as overlap of the detector components and
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position of the crystal dead layer. The inaccuracy of one detector component has an
impact on the entire detector.

Figure 3.6: The GEANT4 geometry of the well-type NaI(Tl) detector. The left is with
auxiliary edge visualisation and the right is with solid style visualisation.

The optical properties for optical photon simulation were defined in this part.
The number of generated optical photons per deposited energy was set to 38,000 per
MeV as described in Table 2.1, determined from references [17], [70]. The fast and
slow time constants were set to 230 ns and 1000 ns, respectively. We used the
UNIFIED "polished" model of the G4LogicalBorderSurface class [71] for the
boundaries between: the scintillator volume and the Teflon reflector, the scintillator
volume and the PMT glass window, the PMT glass window and the photocathode.
Material, density and refractive index of the NaI(Tl) detector components are
summarized in Table 3.1.
Table 3.1: GEANT4 parameters used in the simulation of optical photons in the NaI(Tl)
detector.

Physical Volume

Material

Scintillator
Reflector
PMT Glass Window
Photocathode

NaI(Tl)
Teflon
Quartz
Bialkali
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Density
(g/cm3)
3.67
2.2
1.032
2

Refractive index
1.85
1.35
1.47
1.47
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Physic List
G4EmStandardPhysics modular physics list was used in this modelling.
G4OpticalPhysics also was utilized to create optical photon simulation. We defined
SetCuts of 0.1 mm for gamma, positron, and electron particles. The Radioactive decay
module (RDM or G4RadioactiveDecay) was used to simulate process of radionuclide
disintegration.
Stepping Action
Scoring was performed in this part. Using G4Step [54], energy deposited in the
selected sensitive volume of the NaI(Tl) material was counted and accumulated in the
EventAction. For optical photon, scoring was conducted when an optical photon
particle entered volume of photocathode material. The photon was stopped (killed)
after it was counted and accumulated in the EventAction.
3.3.2 Checking Overlap
Ensuring no overlap in the detector construction is the crucial stage of the
modelling. Two methods were applied to check overlap in the model of detector.
Firstly, we put a geometry collision detection “G4bool pSurfChk=true” code in every
place we define physical volume in the detector construction. If there is any overlap in
the detector geometry, the overlap volume will be indicated with its length.
Secondly, we used geantino particle of GEANT4 in the simulation of the
detector. We can put a starting point of source in the middle of our detector
construction. Then, we shoot geantino particle at any directions such as in X, Y, or Z
direction. The geantino will penetrate material in the same direction of shooting and
G4Tracking will give information every single layer that is passed by geantino as
shown in Figure 3.7.
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Figure 3.7: Checking overlap of the detector geometry in GEANT4 using the geantino
particle. The top is with X direction, the middle is with Y direction, and the bottom is with Z direction.

3.3.3 Simulation of The Detector
In this simulation, we utilise the GEANT4 radioactive decay module (RDM) to
model the radioactive decay of the point sources. G4EmStandardPhysics was adopted
to describe the radiation interactions [54] [72]. Simulations were executed by a macro
file which contains several suitable commands. The standard OpenGL visualisation
was used to represent graphics.
First of all, a radionuclide with point-source type was simulated and put at the
bottom of the well of the NaI(Tl) detector model. We determined isotropic angular
distribution to control the directions of the particle originating from the source. A
visualisation of this simulation is shown in Figure 3.8. Whereas Figure 3.9 shows the
energy deposited distribution of the detector when a radionuclide was simulated at the
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bottom of the well. Sum-peak 2505 keV of 60Co is clearly shown in the spectrum due
to high efficiency of the detector.

Figure 3.8: GEANT4 simulation of 10 events of a radionuclide at the bottom of the well of
the NaI(Tl) detector, showing beta particle tracks (random walk path in red colour) and rays photons (straight lines in green colour).

Figure 3.9: Distribution of the energy absorbed in the well type NaI(Tl) detector resulted by
placing a radionuclide (LEFT:137Cs) (RIGHT:60Co) at the bottom of the well.

Simulation of optical photons generates its own energy resolution broadening in
the resulted spectrum. The RESOLUTIONSCALE parameter generally broadens the
statistical distribution of generated optical photons. The RESOLUTIONSCALE
coefficients greater than 1 broadens the distribution and a coefficient of zero produces
no broadening. In order to match the broadening found in the experiments, a specific
coefficient of RESOLUTIONSCALE in the optical properties of NaI(Tl) was
optimised. In the case of our detector, we found a coefficient of 4.5 as shown in Figure
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3.10. Because scoring of optical photons was originally presented in channel numbers,
channel conversion to energy (eV) was performed.

Figure 3.10: Comparison of 137Cs energy resolution between experimental measurement and
optical photon simulation (SIM II) with several resolution scales. Pulse height distribution
functions were normalized to the same maximum.
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Chapter 4: Characterisation of a Well-type
NaI(Tl) γ Detector
In this chapter, we model and characterize a well-type NaI(Tl) detector by means
of a Monte Carlo simulation, as part of a project to develop a 4πβ (Plastic Scintillator)
- 4πγ instrument to be used for the primary standardisation of radionuclides. The
simulation based on GEANT4 was conducted to characterise some parameters of the
4πγ detector such as dead layer/inactive materials, full energy peak efficiency, energy
resolution, and coincidence-summing correction.
4.1

INTRODUCTION
The well-type NaI(Tl) detector, as shown in is a 4πγ detector that can be used

for standardizing radionuclides. The detector is a part of the 4πβ (plastic scintillator) 4πγ instrument system developed at the Radionuclide Metrology Laboratory at the
Australian Organization for Nuclear Science and Technology (ANSTO). In this
section, the Monte Carlo (MC) simulation is used to perform some characterization of
the well-type NaI(Tl) detector. The GEANT4 simulation of the detector was developed
and validated against experimental results. In this chapter we investigate the properties
of a 4πγ well type detector in terms of DL thickness, full energy peak efficiency,
energy resolution, and coincidence summing correction.
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Figure 4.1: The well-type NaI(Tl) detector in the lead shielding.
In scintillating detector modelling especially for low energy gamma
measurement applications, the thickness of the inactive material or dead layer (DL)
surrounding the detector must be considered, but this information is rarely provided
by the manufacturer of the NaI(Tl) detector. This DL thickness will absorb or scatter
the incoming photons so that it affects the final count-rate. Determining the DL
thickness of various critical parts of the detector is widely used in germanium detectors
[73], [74] but its application in NaI(Tl) remains limited. Several studies related to
detectors using NaI(Tl) which disregard this DL investigation

show a notable

efficiency discrepancy between experimental measurements and model simulations
for low energy photons [52], [53], [75]. The difference may be due to the exclusion of
the DL parameter in the detector model. Therefore, the DL thickness is evaluated using
a validated GEANT4 model of the detector in combination with experimental
measurements.
The NaI(Tl) detector crystal with the well-type geometry used in this work
provides a high efficiency for the γ-emitting sources. However, an enclosed geometry
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increases probability of coincidence summing effect that alters the integral of full
energy peak (FEP), impacting the efficiency value and the derived activity [76].
Coincidence summing occurs when two or more γ-rays are emitted from a single decay
and are detected at the same time. In addition, other radiation such as β particles and
their bremsstrahlung, X-rays (from electron capture or internal conversion), and
annihilation radiation from β+ decay can also coincide with γ-rays [77]. It has been
shown that MC simulations can provide a satisfactory correction for these effects [78],
[79].
Several factors affect the energy resolution of the NaI (Tl) detector, including:
light generation fluctuations in the scintillation process, variations in light clusters at
the photocathode, light collection variation at the photocathode, variation of
photoelectron collection at each dynode of the PMT, and noise generated by the
electronic instrumentation system [17], [52]. These effects are not modelled in the
basic energy deposition model of the simulation. Therefore, in this thesis we apply
Gaussian energy broadening algorithm for calculating the energy resolution for the
MC simulation results, so that we can make direct comparisons with experimental
measurements. For comparison results, optical photon simulations are also carried out
to produce direct broadening of energy resolution in the detector model.
4.2

MATERIALS AND METHODS
We conducted both measurements and simulations in each part of this work. In

the experimental measurement, we used the well-type NaI(Tl) as described in section
3.3.1.
In the experimental setup as shown in Figure 4.2, the NaI(Tl) detector was
operated on anode positive mode. It means that detector mass (ground), shield and
cathode are all connected. The NaI(Tl) crystal material is coupled to the PMT in a
single piece. SHV connector is used for supplying high voltage input. The voltage
divider and pre-amplifier circuit were embedded in the body of detector. To supply a
recommended bias of 500 V, an Ortec 556 high voltage (HV) power supply is used.
An Ortec 575A amplifier is utilized to gain signal from the detector. The signals from
the amplifier are collected by a MCA Canberra Multiport II.
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Figure 4.2: The experimental setup of the well-type NaI(Tl) detector. The detector is
housed in the lead shielding.

4.2.1 Energy Calibration
This section we describe the energy calibration procedure applied to Nolan to
check for a linear energy response for a range of energies from 88 keV to 1332 keV
that were generated by radionuclides shown in Table 4.1. The NaI(Tl) detector
integrated with the electronic circuit converts a γ-ray energy into an equivalent voltage

Chapter 4: Characterisation of a Well-type NaI(Tl) γ Detector

55

pulse. The voltage pulse in the form of analog data is gained-up by the amplifier and
converted by ADC of the MCA into digital data. The MCA (described in section 2.4.1)
was used with 1024 channels representing 0-10V in amplitude. This was analysed
using the commercial spectral software Genie2000.
The computer connected with the MCA of the NaI(Tl) detector displays the γray counts as a function of the channel number. We need an energy calibration to
correlate the channel number with the γ energy. So that we can display a spectrum of
the γ counts as a function of γ-ray energy.
To implement the energy calibration on the MCA system, we utilized several
single nuclide point sources of recognized gamma ray energies manufactured by The
Physikalisch-Technische Bundesanstalt (PTB):

109

Cd, 60Co,

137

Cs, 54Mn and 22Na, as

shown in Table 4.1. These radiation sources provide a range of γ-ray energies from 88
keV to 1332 keV. Each of these sources have traceable calibrations and measured
activities with around 1% uncertainty with a coverage factor k=2.
Table 4.1: Information data of the γ-sources used in the measurement.

Source
109

Cd [80]

60

Co [13]

137
54

Cs [13]
Mn [81]

22

Na [14]
a
b

Energy (keV)
88.0336 (10)
1173.228 (3)
1332.492 (4)
661.657 (3)
834.848 (3)
511b
1274.537 (7)

Intensity
(%)
3.66 (5)
99.85 (3)
99.9826 (6)
84.99 (20)
99.9725 (5)
180.7(2)
99.94 (13)

461.9 (4) days

Activity
(Bq)a
382 (4)

5.2711 (8) years

6236 (63)

30.05 (8) years
312.19 (3) days

4567 (46)
834 (8)

2.6029 (8) years

1850 (19)

Half-life

Source activity at the time of measurement with a coverage factor k=2.
The annihilation of 22Na produces two γ-rays 511 keV with 180˚ different angle.

Using Genie-2000 software, the energy centroid of the gaussian photopeak is
obtained. The measured energies of photopeak from several nuclides were plotted
against their channel number as shown in Figure 4.3.
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Figure 4.3: Energy calibration of the well-type NaI(Tl) detector.

As shown in the plot of Figure 4.3, the fitting curve can be assumed linear:
𝐸𝛾 = 𝑚𝐶𝛾 + 𝐸0 ,

(4.1)

where Eγ is γ-ray energy, m is the energy scale/slope, Cγ is the channel number of γray, and E0 is the y axis intercept.
4.2.2 Investigation of Dead Layer
In this section, we aim to determine the inactive NaI material or dead layer (DL)
thickness using a validated GEANT4 code (see section 3.3.3). In order to obtain that,
varying thickness of the inactive NaI(Tl) layer was performed in the GEANT4
simulation. DL in detector material is more influential for low energy γ-ray due to
absorbing effect [82]. Low energy photon can be deposited more easily in the inactive
volume of NaI(Tl) than high energy photon as simulated in Figure 4.4. Therefore, a
low energy photon emitter must be selected for this investigation.
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Figure 4.4: GEANT4 simulation of inactive layer thickness against normalized photon
counts for NaI(Tl) crystal.

We concentrated our efforts on the well of Nolan as the detector is intended to
be operated this way (ie. with the source located in the well). As such, the well was
divided into two regions as shown in Figure 4.5. To identify the DL thickness, we
simulated GEANT4 by varying the thickness of the DL. The nominal dimensions
provided by the manufacturer were used as the starting point. We compare the
simulation results with experimental measurements in terms of full energy peak (FEP)
counts. The experimental FEP counts was obtained from Gaussian fit performed with
FitzPeaks software [83] and COLEGRAM [84] that allow the fitting and peak
deconvolution. Meanwhile, the simulated FEP count was obtained from photo-peaks
of energy deposition by GEANT4 simulation. We identify the thickness value of DL
by the results that give the best agreement between simulation and experiment. We
chose Cadmium-109 as the radioactive source for this part of the work because this
source emits a low-energy γ-ray (88.0336 (10) keV) which is more sensitive to DL
thickness variations and does not produce any coincidence-summing effects in the
detector response.
Referring to Figure 4.5, when identifying the thickness in Region 1, Region 2
was isolated using a 2 mm thick lead disk shielding that is placed over the source. After
the thickness of Area 1 is identified, we locked this thickness value in the GEANT4
model. Measurements were then carried out to map the thickness of DL Region 2
without using the lead disk as shown in Figure 4.5c. The thicknesses of DL Region 2
were measured by mapping the detector response as a function of the height position
of the 109Cd source in the detector well.
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Figure 4.5: (a) Schematic diagram of DL in the investigated detector. In the experiment, (b)
Region 1 was investigated by putting a lead disk above a 109Cd source in the bottom

of the well, while (c) Region 2 was examined by placing the source at several height
positions in the well without the lead disk. (b) and (c) were configurations that also
used in the GEANT4 simulation.
After identifying the DL thickness for Region 1 and Region 2 and inputting that
thickness value into the GEANT4 model of the detector, we used

109

Cd and

54

Mn

sources to compare the FEP counts between measurement and simulation. In addition,
we also compare the FEP results between models with DL and without DL. The 109Cd
source represents a lower mono-energetic γ transmitter source and the

54

Mn source

represents a higher mono-energetic γ emitter source.
4.2.3 Investigation of Energy Resolution
In this section, we apply an energy-resolution broadening algorithm to the results
obtained by means of GEANT4 simulation. Artificial broadening is applied directly to
the scoring of energy deposition in the scintillator. Eventually, the experimental
spectra were compared to the simulated ones in terms of FEP detector response, to
validate the simulation.
We conducted a measurement of energy resolution for the point sources listed in
Table 4.1. The energy resolution is described as the Full Width at Half Maximum
(FWHM), which was obtained from Gaussian fitting function in Genie-2000 user
interface (Canberra-Industries, 2004). A curve of energy resolution against photon
energy was resulted from the experimental measurement of radionuclide sources in the
energy range of 88 keV - 1332 keV.
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We defined that the experimental FWHM is linearly proportional to the square
root of the energy as follows:
𝐹𝑊𝐻𝑀 = 𝑎 + 𝑏√𝐸

,

(4.2)

where E is energy, a and b are coefficients derived from the linear ﬁt.
Each point of the photon counts was broadened using the Gaussian distribution
function:
𝑓𝑔 (𝑥) = 𝑘

1
𝜎√2𝜋

𝑒

−

(𝑥−𝑥𝑖)2
2𝜎2

,

(4.3)

where k is the normalization value; x is the observed energy and xi is the reference
energy. The standard deviation σ is calculated as:
𝜎=

𝐹𝑊𝐻𝑀
2.335
,

(4.4)

The application of 𝑓𝑔 (𝑥) (equation 4.3) provides an artificial photo-peak broadening
in the simulation results, based on the experimental energy resolution. Gaussian
broadening algorithm was originally obtained in C code [85]. We applied this
algorithm in Python program and made some modification to perform the broadening,
with its flowchart as shown in Figure 4.6 Python program was chosen because it
provides ease of data plotting.
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Figure 4.6: Flowchart of energy-resolution broadening algorithm. The Gaussian broadening
is applied to the simulation results of energy deposition.

For optical photon simulation, this simulation generates its own energy
resolution broadening in the resulted spectrum (see sections 3.2.5 and section 3.3.3).
4.2.4 Coincidence Summing Correction
A comparison of the absolute detector efficiency between experimental
measurements and simulation was conducted to determine a coincidence summing
correction factor. The experimental full energy peak efficiency εmeas is given by
equation 4.5:
𝜀 𝑚𝑒𝑎𝑠 =

N𝑚𝑒𝑎𝑠
A . I𝛾 . 𝐿𝑇𝑚𝑒𝑎𝑠
,
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where: Nmeas is the measured counts once that the background has been subtracted, A
is the known activity of the source in Becquerel, Iγ is the γ-emission intensity and
LTmeas is the live-time of measurement in seconds.
A coincidence correction factor (CF) is determined by the comparison between
the simulated efficiency using the RDM (section 3.3.1) and the simulated efficiency
using individual γ-rays. The coincidence summing effect will only be presented in the
RDM and a comparison against the individual γ-rays give the required correction. This
is shown by equation 4.6:
𝐶𝐹 =

𝜀sim(RDM)
𝜀 𝑠𝑖𝑚(𝛾−𝑟𝑎𝑦)
,

(4.6)

where CF is the correction factor of coincidence-summing for a specific γ-ray energy,
εsim(RDM) is the efficiency of γ-rays using the RDM, and εsim(γ-ray) is the efficiency of
simulated individual γ-rays.
We measured FEPE of multiple sources, each source was individually measured
at the bottom of the well (as shown in Table 4.1). This position at the bottom of the
well provides the highest geometrical detection probability (approximately 98%). The
DL thicknesses derived in the previous section were modelled in the GEANT4
simulation. The measurement results and the efficiency extrapolation curves are shown
in the results section.
4.3

RESULTS AND DISCUSSION

4.3.1 Investigation of Detector Material
Figure 4.7 shows the normalised FEP counts for 88 keV γ-rays generated by the
109

Cd nuclide centrally located at the bottom of the well as a function of the DL

thickness model for Region 1 (see Figure 4.5). The simulated FEP counts are noticed
to vary by about 10% across the range of modelled DL thicknesses (220 to 320 μm).
A difference between the experimental measurement and the simulated result was
successfully addressed by the addition of DL in the detector model with a thickness of
280 μm in Region 1.
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Figure 4.7: Normalised FEP counts with respect to the DL thickness. The closest agreement
between experimental measurements and simulation was found for a 280 μm thick DL in
Region 1.

Using the same procedure, we proposed a non-uniform thickness of DL in the
well with respect to the six considered source height positions in the investigation of
DL in Region 2. The proposed thickness of DL varies from 130 μm to 260 μm
depending on the position of the source (as presented in Figure 4.8 and summarised in
Table 4.2) providing the best agreement between experimental results and simulations.
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Figure 4.8: Normalised FEP counts with respect to the estimated DL thickness for Region 2
in the six height positions: (a) 38.5mm, (b) 26mm, (c) 20mm, (d) 13mm, (e) 6mm,
and (f) 1mm.
Table 4.2: The DL thickness estimation for Region 2 as a function of source height position,
measured from the bottom of the well.

Source height position (mm)
DL thickness (μm)

1

6

13

20

26

38.5

130

240

210

230

215

260

Figure 4.9 shows the results of MC simulation with and without the DLs, and
compares these to the experimental measurements at the six investigated height
positions. The FEP counts are normalised to the certificate activity counts expected for
the considered sources. The addition of the DL thickness in the GEANT4 simulation
considerably improves the agreement with experimental results as shown in Table 4.3.
The deviation of the FEP counts between measurement and simulation for

109

Cd is

significantly reduced from a range of 28.50% - 35.48% to 0.14% - 0.41%. A less
significant impact in the results is observed for 54Mn (1.10% - 2.88% without the DL
to 0.23% - 0.72% with the DL in the simulated geometry). This happens because, when
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compared to 109Cd, 54Mn emits higher energy photons that are significantly less likely
to be absorbed or attenuated by the DL.

Figure 4.9: Comparison of normalised FEP Counts between the simulation and the
measurement for six investigated height positions in the well of detector. For low energy (88
keV γ-rays 109Cd), applying DL in the simulation significantly improves the agreement with
the experimental measurements. The FEP Counts are normalised to the certificate activity
counts expected for the sources under study.

We assumed that the DL could be a result of damage caused by the drilling of
the hole made in the bulk crystal for the well. If this is the case, each detector would
be unique with regard to the well DL. Although we are not certain of the exact cause,
this result emphasizes the importance of the DL correction in the MC simulation,
which has a greater impact in the case of radioactive sources emitting lower energy γrays.

Chapter 4: Characterisation of a Well-type NaI(Tl) γ Detector

65

Table 4.3: Influence of the DL on the FEP counts for six investigated source positions using
109
Cd and 54Mn, as calculated by GEANT4 simulation. Source height positions in the first
column: 1 mm is the bottom of the well, 20 mm is a quarter of the well, 38.5 mm is the middle
of the well.
109Cd (88 keV)
Source
% Deviation with
Height
Experimental
Simulation
Position normalised FEP
Without
With
(mm)
Counts
DL
DL
1
0.653 (20)
34.16
0.21
6
0.662 (20)
35.48
0.20
13
0.699 (21)
28.50
0.14
20
0.698 (21)
30.00
0.26
26
0.695 (21)
28.53
0.41
38.5
0.650 (20)
33.71
0.19

54Mn

Experimental
normalised FEP
Counts
0.426 (13)
0.413 (12)
0.400 (12)
0.388 (12)
0.377 (11)
0.351 (10)

(835 keV)
% Deviation with
Simulation
Without
DL
2.01
1.10
1.27
1.90
2.09
2.88

With DL
0.54
0.53
0.43
0.23
0.26
0.72

4.3.2 Energy Resolution and Spectrum
Experimental measurements of several γ-sources (as in Table 4.1) produce
energy resolution for each full energy peak of radionuclides. The experimental energy
resolution is the FWHM value that can be obtained from software such as Genie-2000
[86] or FitzPeak [83]. The experimental energy broadening is fitted with a linear
function as shown in Figure 4.10. This fit produces the FWHM value used in applying
the artificial broadening to the results of the energy deposition simulation. From
equation 4.2, we get the coefficients a and b: -25.893 and 3.6627, respectively.

Figure 4.10: Energy resolution function of the NaI(Tl) based on the experimental
measurements.
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The result of energy broadening on the pulse height distribution obtained by the
energy deposition simulation for Cesium-137 in the NaI(Tl) crystal with and without
broadening is shown in Figure 4.11. From the figure, the pulse height distribution of
the experiment represents the gamma spectra with background subtraction. The X-ray
K-shell of

137

Ba was not further calculated in the model. Scattered photon energy is

derived from equation 2.2, with E is equal to 662 keV, mc2 is 511 keV and θ is
scattering angle. For θ = 180, the backscatter peak is around 185 keV as shown in
Figure 4.11 while the Compton edge is about 477 keV (662 keV – 185 keV). Tailing
difference of the rise and the fall between experiment and simulation may be caused
by broadening effect from the instrumentation which is not simulated.

Figure 4.11: Pulse height distribution comparison of the NaI(Tl) detector between
experimentally measurement and GEANT4 simulations for 137Cs nuclide.

Source position on the detector geometry
Placing the source inside the well of the NaI(Tl) detector can increase probability
of detection because the covered solid angle is close to 4π. However, coincidence
summing effects will arise significantly due to high efficiency. Further discussion
about this case will be presented in section 4.3.3.
Figure 4.12 shows the experimental measurement of

60

Co source (with

background correction) in three different positions of the well: the bottom of the well,
the middle of the well and the top of the well. Using equation 2.2, peaks of scattered
photon energy for

60

Co are 210 keV and 214 keV, but the result in Figure 4.12

displayed slightly a shift of energy channel due to fitting imprecision of energy
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calibration. The Compton edge of 1173 keV energy peak was calculated at 963 keV.
The Compton edge of 1332 keV was estimated at 1117 keV which is included in
energy broadening of the 1173 keV photopeak. Photopeaks of 1173 keV and 1332 keV
showed higher counts and produced a small difference between the bottom of well and
middle of well because both positions are almost covered 4π geometry. While the top
of well was quite difference because about a half geometry of source is not covered by
the detector. For top of well position, lack of coincidence summing effects is
noticeable after 1332 keV peak. Counts of coincidence summing effects is much lower
when position is far from the well or far from 4π geometry. In this case, the top of well
losses about a half sphere of detection geometry. As a result, the top of well position
has a bigger difference of 2505 keV sum-peak compared photopeak of 1173 keV or of
1332 keV.

Figure 4.12: Measurement of 60Co nuclide for 3600 seconds live time in three different
position of the detector well with background correction.

In order to discover the effects of source position against the detector efficiency
for a range of γ-energy of common nuclides, we simulated monoenergetic γ-rays from
10 keV to 2500 keV. When a source was put at the bottom of well, the efficiency was
the highest among all positions due to high detection probability. For low γ-energy,
the efficiency reduced significantly if the source position is far from the bottom of the
well as depicted in Figure 4.13.
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Figure 4.13: GEANT4 simulation of monoenergetic γ-ray source in three geometry positions
of the well-type NaI(Tl) detector.

Comparison with Optical Photon Simulation
The

spectra

comparison

of

GEANT4-calculated

and

experimentally

measurement for the 137Cs and 54Mn radionuclides located at the bottom of the well is
shown in Figure 4.14. We can see from the figure that the spectra simulated with
GEANT4 agree with the experimental measurement when applying the artificial
energy resolution broadening in the case of energy deposition simulation. Simulation
of optical photon provides similar results of energy broadening; however, it is
characterised by three orders of magnitude longer execution times, due to the
modelling of optical photons.
The Ba X-ray K-shell at 32 keV [13] and the Cr X-ray K-shell at 5 keV [81], for
137

Cs and

54

Mn respectively, which are noticed in the measured spectra were not

thoroughly calculated in the MC simulations.
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137Cs

54Mn

Figure 4.14: Comparison of the experimentally measured point-geometry source located in
the bottom of the well of a NaI(Tl) detector. This is compared to the GEANT4 model results
of direct energy scoring without energy resolution broadening, direct energy scoring with
energy broadening and the optical photon scoring for source of (top) 137Cs, and (bottom)
54

Mn.

4.3.3 Coincidence Summing Correction
Coincidence summing appears when two or more photons are detected, photons
will be counted in a higher energy channel in the pulse height analysis spectrum
compared to the case if only one photon was detected. The simulated curve and
experimental results of the Full Energy Peak Efficiency (FEPE) versus the energy of
the γ-rays of interest are shown in Figure 4.15. The curve shows that the largest
efficiency (more than 70 %) is achieved with sources emitting γ-rays with energy
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between 100 keV and 400 keV. A good agreement between experimental data and
simulation was obtained for γ-ray sources with no or negligible coincidence summing
effects (109Cd, 137Cs, and 54Mn). Instead, multi-photon emitting sources 60Co and

22

Na

show notable discrepancies between the measurement and the simulation due to these
effects [17].

60

Co generates two most distinct γ-ray emissions, 1173.228 keV and

1332.492 keV [13], whereas

22

Na has β+decay and electron capture leading to an

excited state of 1274.537 keV [14]. The summing coincidence effect of 1.275 MeV γrays and 0.511 MeV annihilation radiation results in distortion of the detected gamma
spectrum.

Figure 4.15: Full energy peak efficiency of the well-type NaI(Tl) is obtained by
measurement and the GEANT4 simulations. A set of radionuclides of interest is positioned
at the bottom of the well. The statistical uncertainty affecting the results is approximately 3%
(within the symbols in the plot). The multi-photon emitting nuclides of 22Na and 60Co show
significant coincidence-summing effects. In the legend, “simulated γ-rays” indicate that
monoenergetic photons generated in the bottom of the well were incident on the detector in
the MC simulation; “Simulated nuclides”: point-source of radioactive were modelled in the
simulation. The dashed line is for guiding the eye only.

Table 4.4 indicates the CF calculation for coincidence-summing effects for the
used sources, obtained with equation 4.6. This correction is specific to a point-shaped
source located at the bottom of the detector well. The CFs of the coincidence-summing
effects range from 0.3854 to 0.0694 which means that the actual activities could be
significantly underestimated if the coincidence-summing corrections were not applied.
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Both the experimental and simulation of the nuclides demonstrate a low
efficiency due to coincidence-summing effects when not applying the appropriate CF.
By applying the CF, the peak efficiency disagreement of

60

Co and

22

Na between

experiment with CF and the simulated γ-ray was significantly reduced.
Table 4.4: Correction factors (CFs) of coincidence-summing effects for 60Co and 22Na
radionuclides calculated by GEANT4.
Radionuclides

4.4

60

Co

22

Na

γ-ray energy (keV)

Correction Factor

1173.228
1332.492
511
1274.537

0.3854
0.3573
0.0694
0.1402

CONCLUSION
The well-type NaI(Tl) detector was characterised by means of GEANT4 MC

simulations. The MC simulation was validated against experimental measurement
performed at ANSTO. This study demonstrated that GEANT4 provides a valuable tool
to investigate the inactive layer or DL of the scintillator. The presence of the DL in the
scintillator model has a significant effect on photo-peak simulation of low energy γray emitting source. Using the GEANT4 simulation in combination with experimental
results, the DL thickness at the base of the well was determined to be 280 μm, and the
DL thickness of the wall of the detector well was recognized to be a non-uniform
varying from 130 μm to 260 μm.
A good agreement between simulation and experimental measurement in terms
of FEPE versus gamma ray energy was achieved for the radionuclides with negligible
coincidence-summing such as

109

Cd,

137

Cs, and

54

Mn. A correction based on the

GEANT4 simulation was implemented to overcome coincidence-summing effects of
the investigated multi-photon emitting radionuclides (60Co and

22

Na). We found the

CFs from 0.3854 to 0.0694. If the correction of coincidence-summing effect was not
applied, the actual activity of the radionuclides under study could be underestimated
significantly.
The broadening algorithm of energy resolution was applied to the GEANT4
simulation of energy deposition to be able to directly compare the simulation results
with the experimental measurements. For this particular study, the similar simulation
results were obtained either when calculating the spectra directly from the energy
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deposition in the scintillator volume and applying the energy resolution broadening
algorithm or when adopting a more realistic detector response, including the modelling
the optical photon transport. The optical photon simulation, which produces selfbroadening of energy resolution, resulted in execution times three orders of magnitude
longer with respect to the running the simulation without optical photon transport.
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Chapter 5: Development and
Characterisation of a 4πβ
Detector
5.1

INTRODUCTION
Measurement of fast electrons, in this case beta particles, can utilize plastic

scintillator where the incident particles penetrate the surface of the crystal. Plastic
scintillators have been utilized widely to perform numerous nuclear physics studies
[7], [8], [39], [87]. Due to its fast decay time, plastic scintillator is suitable for
measuring high count-rate β particles [88]. The electron behaviour response depends
on several factors such as the crystal material, the thickness of scintillator, and the
angle of incidence of the electrons.
Several studies need to be conducted to ensure that the plastic scintillator under
consideration is sufficiently thick to absorb the incident electrons. In addition, effects
of photon emission on the plastic scintillator need to be investigated. The photon
emission mainly from γ-rays of radionuclide decays and secondary bremsstrahlung
photons that will be generated along electron interactions.
The scope of this chapter is the development and the characterisation of the 4πβ
instrument. In this work, we studied a type of plastic scintillator for β detector;
investigated an optimum design of the plastic scintillator by use of GEANT4
simulation; developed an β detector system, performed some experimental
measurement, and compared with simulations. This work is an important part of the
4πβ(PS) - 4πγ detection system.
5.2

MATERIALS AND METHODS
In this section, we prepared the plastic scintillator materials for β detector. 60Co

radionuclide was chosen for the source. The MC GEANT4 simulation was used to
examine an optimum scintillator design. A PMT based detector was designed and
developed to perform the β detector system. The development of the system utilized a
digitizer device for data acquisition.
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5.2.1 Plastic Scintillator
According to Knoll [17], the higher the atomic number of scintillators the higher
backscattering probability and the percentage of the electron energy loss due to
bremsstrahlung. Those two processes reduce the full-energy peak and add the
unwanted tail to the response spectrum. As a result, plastic scintillators which have
low atomic number are chosen in electron or particle measurements. As shown in
Figure 5.1, using incident 1 MeV electrons, Cesium Iodide scintillator produced a
notable low-energy tail because it has higher atomic number when compared to the
plastic scintillator.

Figure 5.1: Comparison of pulse-height distributions between CsI(TI) and plastic scintillators
with 1.0 MeV electrons at normal incidence. Reproduced from [89].

The number of scintillation photons produced is determined by its conversion
efficiency of ionization energy to scintillation photons. The scintillation photons
output determines resolution of the scintillator. Generally scintillation photon output
is distinct for different types of particles at the same energy [90].
In this work, the scintillator material of choice is EJ-212 plastic scintillator from
Eljen Technologies [68]. This scintillator is identical in its composition and
characteristics with BC-400 from Saint Gobain Crystals. The properties of the EJ-212
plastic scintillator is given in Table 2.1. Even though its density is close to water, the
refractive index (1.58) is much greater than that of water (around 1.33) and also that
of air (around 1). Figure 5.2 shows the emission spectrum of the EJ-212 scintillator.

76

Chapter 5: Development and Characterisation of a 4πβ Detector

Figure 5.2: The emission spectrum of the EJ-212 plastic scintillator. Reproduced from [68].

5.2.2 Scintillator Design by Means of MC GEANT4 Simulation
In this study, both the energy deposition and the optical photon simulation of
GEANT4 were utilized to obtain an optimum scintillator design. To simulate a proper
simulation for the EJ-212 scintillator material, we need to specify an appropriate
parameter of photon energy in the optical simulation. From Figure 5.2, we defined
some points of wavelength for the EJ-212 scintillator material. In this case, we selected
412 nm, 423 nm, and 450 nm of the wavelength. Planck's equation was used to
calculate the energy of a photon:

𝐸=

ℎ∗𝑐
𝜆

,

(5.1)

where h is the Planck constant (6.6261 × 10−34 J*s), c is the the speed of light (3.8 ×
108 m/s), and λ is the wavelength of a photon. These three wavelenghts result in photon
energies of 3.01 eV, 2.93 eV and 2.76 eV, respectively.
Optimum thickness
A plastic scintillator is suitable for detecting β events [91], [92]. Ideally, the βdetector should only be sensitive to β-particles. However, the scintillator not only
absorbed β events but also photon radiation [93]. As a result, we intended to get an
ideal thickness for optimising the detection of β events and minimising the detection
of photon emissions. Several thicknesses of EJ-212 plastic scintillators, which were
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commonly available in the market, were modelled for 25 mm diameter cylindrical
shapes: 0.1mm x 2, 0.5mm x 2, 1mm x 2, 2 mm x 2, 5mm x 2.
In this simulation, we utilized energy deposition in the scintillator for scoring.
Figure 5.3 shows a range of electron particle energies simulated with different plastic
scintillator thicknesses. The particle was generated isotropically from a point inside
the plastic scintillator. The maximum energy deposited in the scintillator material was
scored as a function of material thickness. Monoenergetic γ rays with energy from 50
keV to 2000 keV were simulated to represent the unwanted gamma sensitivity of the
scintillator as shown in Figure 5.4. We then counted the total deposited gamma energy
in the scintillator material for the gamma interference probability.

Figure 5.3: Detection probability of EJ-212 plastic scintillator with several thicknesses
against energy of electron particle by GEANT4 simulation.

78

Chapter 5: Development and Characterisation of a 4πβ Detector

Figure 5.4: Gamma interference probability of several thicknesses of EJ-212 plastic
scintillator by GEANT4 simulation.

Increasing energy of electron will reduce counting of the plastic scintillator [94].
From Figure 5.3, thicker plastic scintillator provides higher probability for detecting β
events. The scintillator with 5mm thickness can detect 90% of electron particle with
an energy range up to 1500 keV. While the 0.1mm thickness of scintillator can absorb
the same percentage only for a limited energy range up to around 110 keV. As
presented in Figure 5.4, thinner plastic scintillator results in lower probability of
photon interference. 5mm thickness plastic scintillator provides interference
probability around 19% for 50 keV γ-ray energy and still more than 12% for γ-ray
energy range up to 500 keV.
Because we use

60

Co radionuclide for the source, choosing of scintillator

thickness must consider electron emission of the radionuclide. From Bé et all [13],
60

Co emits 99.88 % betas with an energy up to 317.32 keV and generates two most

distinct γ-emissions, 1173.23 keV and 1332.49 keV. As a result, 1mm thickness of EJ212 plastic scintillator was selected for trade-off between electron detection
probability and photon interference probability. This thickness can detect more than
96% electron emission with energy up to 500 keV and only absorbs below 4% photon
interference.
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Optical issues
We utilize GEANT4 optical photon simulations to predict the plastic scintillator
behaviour to optimise light collection. For this simulation, a glass plate and bialkali
photocathode material were positioned below the plastic scintillator, to simulate the
PMT as shown in Figure 5.5. Counting of this simulation was performed when optical
photons were absorbed in the photocathode material.

Figure 5.5: Optical photon simulation of the EJ-212 plastic scintillator

The surface finish parameter of the scintillator was set to be “polished”. The
polished finish attempts to represent a real case of scintillator with a polished surface
and without wrapping. A perfect polished surface describes photons in a specular
manner [69]. When the photons are in the boundary of two dielectric media, three
processes are possible: reflection, total internal reflection, and refraction.
Initially, we simulated the polished round-shape plastic scintillator as a bare
crystal without wrapping. Optical photons were generated isotopically inside the
scintillator. Scoring was performed in the photocathode material. As a comparison, a
specular reflector was used in the second simulation. In this case, we modelled Teflon
material for wrapping the scintillator. From Table 5.1, Teflon wrapping increase up to
twice the light collection from the bare crystal without reflector. We put this
configuration (round-shape plastic scintillator with Teflon and no air gap and no
cavity) as the maximum detected optical photon.
Attaching plastic scintillator to the head surface of PMT could be likely add an
air medium between them. As shown in Table 5.1, the simulation predicted that around
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60% decrease of the maximum collected light occurred if there is air gap (0.1 mm)
between the plastic scintillator and the PMT. In real condition, this air gap can be filled
by optical grease to eliminate the significant decrease.
Adding a cavity in the plastic scintillator could simply localize the radioactive
source especially when the source is liquid. However, existence of the cavity in the
scintillator could lower about 18% the maximum detected light.
Table 5.1. Several configurations of scintillator design by mean of GEANT4 simulation.
Plastic Scintillator

Teflon

Air Gap

Cavity

Detected Optical Photons

Round shape
Round shape
Round shape
Round shape
Square shape
Triangle shape

No
Yes
Yes
Yes
Yes
Yes

No
No
Yes
No
No
No

No
No
No
Yes
No
No

25877
50715
20778
41480
28928
30819

Furthermore, some shapes of plastic scintillator were modelled to get an ideal
geometry for light collection. As presented in Table 5.1, the square and the triangle
shape have lower collected optical photons about 57% and 61%, respectively,
compared to the round shape. This is because the area of round shape is the largest
among the three shapes and only round shape can cover all area of the PMT. Larger
area of plastic scintillator can produce more light for the PMT.
As a result, for optimization of light collection efficiency, we chose the final
scintillator design: the thickness was 1mm x 2, the shape is round that closely matches
the PMT size, Teflon wrapping, no air gap, and no cavity of the plastic scintillator.
5.2.3 Development of The Detector System
The β detector system consisted of the EJ-212 plastic scintillator, the PMT, and
several electronic devices. Because the β detector had to be inserted in the well of the
NaI(Tl) detector, the dimension of the PMT and its housing must be fit in the well. In
addition, the wavelength response of the PMT must be suitable with the used plastic
scintillator. We selected the Hamamatsu R7899 PMT due to those reasons. Properties
of this PMT are listed in Table 5.2.
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Table 5.2: Properties of the Hamamatsu R7899 PMT [95].

Parameter

Description/value

Window material

Borosilicate glass

Tube size

Diameter 25 mm

Photocathode material

Bialkali

Spectral response

300 – 650 nm

Maximum sensitivity at

420 nm

Supply voltage (maximum)

1800 V

Gain (typical)

2.0 x 106

Dark current (typical)

2 nA

Rise and transit time (typical)

1.6 ns ad 17 ns

As shown in Figure 5.6, the maximum PMT sensitivity is close to the peak of
the wavelength-region of the EJ-212 scintillator. This ensures light collection
optimization is achieved.

Figure 5.6: The emission spectrum of the EJ-212 plastic scintillator [68] and the wavelength
of maximum response of the Hamamatsu R7899 PMT [95] with the maxima indicated by a
red line.

We performed the cutting and polishing procedure to prepare several disc shapes
of a 1mm thick EJ-212 plastic scintillator sheet with 25mm diameter, as shown in
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Figure 5.7 This diameter is compatible with the PMT dimension. In this measurement,
the 60Co radioactive solution was dispensed on the scintillator material. After drying,
the source was sandwiched by sticking another piece of the scintillator material.
Further detail of this process is described in Chapter 7:.

Figure 5.7: Plastic scintillator in a disc shape. The plastic edge was glowing blue due to
ultraviolet light.

The PMT has 10 stage linear-focused dynode structures and uses an E678-14C
base connector [95]. The high voltage was applied to the PMT by the Ortec 556 high
voltage (HV) power supply and the anode of the PMT was connected to the input of
the Ortec 474 amplifier. We used a CAEN 6751 for the digitizer. It has 4 Channels, 10
bits, and 1 Giga sampling per seconds. Due to 1 Vpp maximum input of the digitizer,
a 20 dB attenuator was used to reduce the signal amplitude from the Ortec 474
amplifier to the CAEN 6751. The CAEN digitizer is controlled by the ComPASS
software [96] installed on the computer. A USB link was used to connect the digitizer
to the computer. A schematic of the detector system with all connections to signal
processing electronics is shown in Figure 5.8.
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Figure 5.8: Schematic of detector setup connections to signal processing devices.

We manufactured the PMT holder consisted of the base holder and a cover of
light tight tube with a detachable mount to allow for easy changing of the plastic
scintillator and the sources without disturbing the electrical connections, as shown in
Figure 5.9. The holder, which was made from polyethylene material by a 3D printer,
was fit to the dimensions of the well of the NaI(Tl) scintillator. The tube was wrapped
in black adhesive tape from Saint-Gobain to get a light-tight seal. The holder supported
the PMT at one end and the scintillator discs were placed directly onto the PMT
surface. Directly placing the scintillator to the PMT surface resulted an air gap, though
only a few micro-meters. This gap can introduce light scattering. In order to form a
tight couple, to avoid air gap, and to minimize scattering, optical grease was applied
between the PMT surface and the scintillators. We have chosen to use BC-631 optical
grease from Saint-Gobain. It has a refractive index of 1.465 that features excellent light
transmission. To optimize light collection, as discussed in section 5.2.2, the plastic
scintillator was wrapped by Teflon reflector tape.
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Figure 5.9: (LEFT) The Hamamatsu R7899 PMT with its base holder. The plastic
scintillator, which was wrapped by Teflon reflector tape, were placed directly onto the PMT
surface. The voltage divider circuit was placed inside the base holder. (RIGHT) The light
tight tube cover was set in the holder.

When the light tight cover was opened, the high voltage of PMT had to be
switched off, because ambient light can damage the PMT [17], [20]. After light
exposure, we need to wait a day to perform the next measurement to minimize noise.
Once the connection has been established, some parameter such as trigger
threshold, DC Offset and so on can be set up. We can define values for the charge
integration,” Short gate” and” Long gate” in the QDC tab as shown in Figure 5.10.
Pulse height or timing spectra and 2D histogram of energy vs PSD value (defined by
the PSD equation used as discussed in section 2.4.1) can also be plotted. During the
data acquisition process, data can be recorded to disk either as a text document or a
binary file containing digitized values and time stamp as well. In this measurement,
we used the list mode data with text document output file. This mode utilizes internal
PSD calculation rather than complete waveform capture.
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Figure 5.10: User interface of the ComPASS QDC tab.

5.3

RESULTS AND DISCUSSION
As discussed in section 5.2.2, the optimum design of plastic scintillator has 25

mm diameter, cylindrical shape, and 1mm x 2 thickness. This design will allow γ-ray
photons to pass through the scintillator material and minimize photon absorption
while, at the same time, allowing detection of most of the beta events.

60

Co

radionuclide, as β source, was sandwiched by the twin plastic scintillators.
5.3.1 Experimental Measurement
Background Counting
To perform accurate measurements, any incident photoelectron should become
visible in the spectrum. Figure 5.11 shows a sample pulse that was obtained from the
PMT output when a photoelectron was detected. As viewed on an oscilloscope, the
signal pulse is fast when compared to inorganic scintillators with below 10 ns rise time.
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Figure 5.11: PMT signal output from the detected photoelectron.
In this experiment, background counting is defined as the counting of the
detector when there is no radioactive in the used plastic scintillator. In this β detection
systems, the background counts may be caused by one or more of several factors
including: ambient gamma radiation and electronic noise of the PMT.
Increase of high voltage supply can increase the probability of photoelectron
detection. However, this increase also produces high background counts. Figure 5.12
shows the background spectra at some level of high voltage supply. For background
counting, a blank twin plastic scintillator was used.

Figure 5.12: Background spectra of the R7899 PMT equipped with the blank plastic
scintillator at various high voltages. Inset is same data, on a log scale.
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Source measured at several high voltages
Measurement of 60Co source at several high voltage supplies was experimentally
performed. The source was placed inside the twin plastic scintillator. As depicted in
Figure 5.13, the endpoint channels are not covered when high voltage of 1200 V, 1300
V, and 1400 V are supplied to the PMT. With high voltage supply of 1000 V and1100
V, the PMT can convey most all required beta events. Therefore, we determined 1000
V supply of the PMT for these experiments, which all β events and minimal
background noise were counted.

Figure 5.13: Spectra of 60Co source with background counts at various high voltages. The
source was sandwiched by the plastic scintillator. Inset is same data, on a log scale.

Counting with Different PMT
To examine performance of the PMT, we exchanged the PMT with another PMT
(PMT2) of the same type. Comparison between two PMTs is shown in Figure 5.14.
Those two PMTs had a similar response and no significant output difference. Small
variations of counts were caused by the intrinsic hardware of each PMT.
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Figure 5.14: Spectra comparison of two PMTs of the Hamamatsu R7899. Both
measurements were performed with the same configuration.

5.3.2 Beta Spectra
EJ-212 Plastic scintillator as β detector was experimentally measured and
simulated. According to Bé et al [13],

60

Co decay has 99.88% continuum electron

emission up to maximum 317,32 keV with average at 95.6 keV. In addition, 60Co also
generates photons of energies 1.332 MeV and 1.172 MeV, which mostly interact
through Compton scattering. This information is consistent with the two spectra as
shown in Figure 5.15.
The simulated spectrum for the plastic scintillator detector agrees well with the
measured spectrum as shown in Figure 5.15. Due to difficulty of performing energy
calibration in the measured spectra, axis adjustments were performed to fit the spectra.
The energy deposition simulation produces wider end-tail spectrum until around 1500
keV tail because it refers to perfect condition. The measured signal was reduced by
experimental losses such as loss from optical interaction in the scintillator material,
and loss from electronics of the acquisition system. In addition, energy loss and
scattering of electrons on crystallization of the source solution also contributed to this
reduction.
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Figure 5.15: Comparison spectra between energy deposition simulation and experimental
measurement for 60Co source obtained from the plastic scintillator as β detector.

The measured spectrum shows two main broad components (as shown in Figure
5.15 with green colour), the low-energy component (channel number from 0 to around
1000) and the high-energy component (channel number from 1000 to 2500). The lowenergy component corresponds to electron emission of

60

Co with average energy at

95.6 keV, which is indicated by the peak in the beginning part of the spectrum, and
maximum of the beta continuum energy at 317,32 keV, which is indicated by the tail
of the low component spectrum. The high-energy component refers to gamma
emission of

60

Co with energies 1.332 MeV and 1.172 MeV, which mostly interact

through Compton scattering. However, the detected high-energy component is
relatively low (less than 3.6%). The amount of gamma interference probability is also
predicted by the GEANT4 simulation as shown Figure 5.4. As a result, the plastic
scintillator is effective to detect beta events.
From Figure 5.16, the spectrum of optical photon simulation has a better
agreement with the measurement spectrum for

60

Co radionuclide, compared to the

spectra of energy deposition simulation (Figure 5.15). Axis adjustments were
performed to fit the spectra. Loss from optical interaction is roughly calculated in the
simulation.
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Figure 5.16: Comparison spectra between optical photon simulation and experimental
measurement for 60Co source using plastic scintillator as β detector.

In the optical simulation, the beginning of the spectrum is at about channel 5000.
This is the number of optical photons detected simultaneously by the photocathode at
one time. The EJ-212 scintillator converts the energy deposited 1 keV into 10 optical
photons (as described in Table 2.1). When 60Co source is simulated, there are several
types of radiation (such as β, , X-ray) with a certain energy deposited in the
scintillator, resulting in the accumulation of optical photons produced by the
scintillator. After passing the process of refraction and reflection, some of the optical
photons will hit the photocathode to be counted.
5.4

CONCLUSION
In this work, we studied EJ-212 plastic scintillator for β particle detector. The

optimum scintillator design for the measurement of 60Co radionuclide was obtained by
using GEANT4 simulation. Plastic scintillator with 1mm thickness was selected to
maximize β event detection and minimize photon absorption at the same time. To get
optimum light collection, we used twin plastic scintillator with the following
specifications, round shape, without a source cavity, and with the Teflon wrapping.
The source was sandwiched by the twin scintillator.
In order to detect all β events and to minimize background counting, the
experimentally results showed that the 1000 V supply of the PMT was most suitable
for measurements.
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To model the plastic scintillator as β detector, simulations of energy deposition
and optical photon were performed with the same configuration as the experimental
measurement. The simulated spectra showed all of the main features of the
experimental response for

60

Co, especially in the beginning energy of spectra. The

beginning of spectra represented continuum electron emission up to maximum 317,32
keV with average at 95.6 keV. However, due to experimental losses, the measurement
produced shorter end-tail spectrum than the two simulations. These losses are from
optical interaction in the scintillator material, and electronics of the acquisition system.
Energy loss and scattering of electrons on crystallization of the source solution may
also have contributed to the experimental losses.
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Chapter 6: Development of a 4πβ - 4πγ
Detection System
6.1

INTRODUCTION
Energy deposition due to radiation interaction within the sensitive material of a

detector produces a certain amount of charge at the detector output. The Pulse Shape
Discriminator (PSD) parameter, as described in section 2.4.1, is the charge measured
within a certain time (in nanoseconds for the plastic scintillator and microseconds for
NaI(Tl) detector) to determine Qlong and Qshort, where Qlong represents the total
charge of the pulse and Qshort represents the early part of the pulse. We applied the
PSD technique in the detection system to identify signals from β and  detectors.
Every radiation detector has a dead time where the arrival of subsequent events
will not be registered during this time. Dead time is used by a system for processing a
valid event. Allocating a proper dead time for the detector can eliminate spurious
signals and allow the adjustment of lost pulses via corrections. However, applying
dead times in the hardware of 4πβ - 4πγ instrument still counted the spurious signals
[7]. We applied a fixed dead time in software using the OAM (see section 6.2.2), that
allows us to correct for the dead time of the system. This technique allows to determine
an optimal dead time for the system.
In this work, we developed a 4πβ(Plastic Scintillator) - 4πγ detection system. A
program was also developed to perform offline time analysis for obtaining activity of
the source.
6.2

MATERIALS AND METHODS

6.2.1 System Setup
A digital system of 4πβ - 4πγ instrument based on CAEN N6751 10-bit digitizer
[26] was developed as shown in Figure 6.1. This digitizer provided four input channels
that offer sampling rate up to 2 GS/s, of which we utilised 2 channels, one for the beta
detector and the other for the gamma. A reference oscillator signal could be used in
one of the other channels to provide a calibration link with the frequency requirements.
Using list-mode, the digitizer required a minimum number of samplings to obtain an
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event sample of pulses. Given sampling rate, each channel can deliver up to 3.6 Mega
data samples per second. This digitizer uses the PSD technique to discriminate the
timing properties of the acquired signals. To ensure synchronicity among the channels,
this digitizer uses an internal high precision 50 MHz oscillator for the reference clock.

Figure 6.1: Block-diagram representation of the 4πβ - 4πγ digital data acquisition system.

We used a 60Co source with reference activity 3860 Bq attached to the plastic
scintillator detector. The outputs of the detectors were directly connected to preamplifier and amplifier, producing negative tail-shaped pulses. Because the amplitude
of the pulse was much higher for the digitizer input (1 Vpp), a 20 dB passive-attenuator
was used to reduce the amplitude for each channel.
Figure 6.2 shows the output signal from attenuator which is adjusted to the
digitizer input specification of 1V peak to peak.

Figure 6.2: The NaI(Tl) detector signal that compatibles with the CAEN 6751 digitizer.

94

Chapter 6: Development of a 4πβ - 4πγ Detection System

The system was controlled by CoMPASS software [96] provided by CAEN,
allowing the implementation digital acquisition system parameters using a clickable
interface. This software allows the user to set the collection parameters for the
acquisition, to configure the digitizer, and to manage the data output. In this
experiment, configuring the digitizer includes arranging the input parameter, the
discriminator, and the charge parameters.
Figure 6.3 shows the parameters used to identify an event of signal using PSD
method. The baseline is an average of several samples. Once the sample value exceeds
the trigger threshold during pre-gate time, the pulse is processed as an event. On the
contrary, all pulses that contain samples below this threshold are not processed as an
event. The trigger activates recording of the time stamp, the waveform of the pulse
(i.e., the raw samples, which is not used in this study), and the charge within the gates
(Qlong and Qshort). This information is saved into a binary list-mode file.

Figure 6.3: Parameter used for the signal acquisition in the DPP-PSD firmware of the CAEN
module. Reproduced from [26].

Every detector has own specific charge parameter (QDC). Using PSD method,
defining a correct charge parameter of each detector is crucial because the wrong
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identification leads to incorrect count-rate result. Table 6.1 shows the charge parameter
for the plastic scintillator as a β-detector and the NaI(Tl) as a -detector.

Table 6.1: The charge parameters of detector used in the acquisition process

QDC Parameters
Long Gate
Short Gate
Pre-Gate

EJ-212 Plastic Scintillator
300 ns
80 ns
50 ns

NaI(Tl) Scintillator
1500 ns
600 ns
200 ns

After the experimental measurement is performed and resultant data are stored
in the memory, data processing and analysis can be conducted. The resultant data
contains information on list-mode pulses. Each pulse contains required information of
its time stamp along with the charge recorded in both the long and the short time frame.
Python program is developed to process the data.
6.2.2 Offline Time Analysis
The binary format of list-mode data produced by CAEN digitizers (via
ComPASS software) is an efficient way of storing data. We created several lines of
python code to deconstruct the raw binary data, extracted only required information
from each data sequence, and recorded the needed data in numpy arrays. These can
then be further analysed. Figure 6.4 shows format of 24 bytes data that represents
information of a single event. The list-mode data consists of sequences of the 24 bytes
data. For this work, we only required three types of information: time stamps, Qlong,
and Qshort.
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byte 24
byte 23
byte 22
byte 21
byte 20
byte 19
byte 18
byte 17
byte 16
byte 15
byte 14
byte 13
byte 12
byte 11
byte 10
byte 9
byte 8
byte 7
byte 6
byte 5
byte 4
byte 3
byte 2
byte 1

N samples

Flags

Q Short
Q Long

Time stamp in pico seconds

Channel ID
Board ID

Figure 6.4: Sequence of 24 byte data format resulted from the binary list-mode files.

There are two categories of dead-times: extendable and non-extendable. In this
study, we applied non-extendable dead time independently for both β and -channel.
Figure 6.5 shows fixed dead times applied to the input signal. A pulse is recognized as
a valid event when a pulse arises without being preceded by dead-time pulse. Once it
is recognized, dead time pulse is activated for a certain time. Within this time, any
input pulse arriving is identified as invalid. We applied this algorithm to the developed
program for the list-mode data.
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Figure 6.5: Non-extendable dead times were applied to the input pulses, producing some of
the pulses counted.

For coincidence counting, a coincidence event is counted when valid β and 
events arise within the specified resolving time. An adaptive resolving time, which can
move forward or backward for a certain time, is applied easily in the coincidence
algorithm during the offline analysis. This resolving time is triggered by a valid βevent as shown in Figure 6.6. Explanation of time relationship of Figure 6.6 are:
1. An event from β-detector is detected and no β dead time pulse is enabled
previously, producing a valid β-count. At the same time, β dead time and the
adaptive resolving time are activated.
2. An event from -detector is detected and no  dead time pulse is enabled
previously, producing a valid -count. At the same time,  dead time is also
activated.
3. The valid -count is detected within the resolving time, resulting in a
coincidence event counted. The resolving time is always activated by a valid
β count.
4. An event from -detector is detected but  dead time pulse is enabled
previously. As a result, the invalid -event is not counted.
5. An event from -detector is detected and no  dead time pulse is enabled
previously, producing a valid -count. At the same time,  dead time is also
activated.
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6. An event from β-detector is detected and no β dead time pulse is enabled
previously, producing a valid β-count. At the same time, β dead time and the
adaptive resolving time are activated.
7. Even though the valid -count is detected before the valid β-count, those two
counts are considered as a coincidence event due to the adaptive resolving
time.
8. Two events of β-detector are detected but β dead time pulse is enabled
previously. As a result, those two invalid β-events are not counted.
9. An event from β-detector is detected and no β dead time pulse is enabled
previously, producing a valid β-count. At the same time, β dead time and the
adaptive resolving time are activated.
10. An event from -detector is detected and no  dead time pulse is enabled
previously, producing a valid -count. At the same time,  dead time is also
activated.
11. The valid -count is detected within the resolving time, resulting a
coincidence event counted.
12. An event of β-detector is detected but β dead time pulse is enabled
previously. As a result, the invalid β-event is not counted.
13. An event from -detector is detected and no  dead time pulse is enabled
previously, producing a valid -count. At the same time,  dead time is also
activated.
14. An event from β-detector is detected and no β dead time pulse is enabled
previously, producing a valid β-count. At the same time, β dead time and the
adaptive resolving time are activated.
15. An event from -detector is detected but  dead time pulse is enabled
previously. As a result, the invalid -event is not counted. This -event and
the β event (number 14) arise at the same time but these two events are not
considered as a coincidence event due to invalidity of the -event.
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16. An event of β-detector is detected but β dead time pulse is enabled
previously. As a result, the invalid β-event is not counted.

Figure 6.6: The timing diagram of the detector signals, dead times, adaptive resolving time,
and coincidence output. This algorithm was applied in the offline analysis using Python
program.

Figure 6.7 shows the simplified flowchart of the developed offline-analysis
program that used to perform dead time of both  and  channels and coincidence
counting in specified resolving time. The program reads all events of list-mode data
using the 24 byte data structure , resulting in the three important information of total
-count, total -count, and total coincidence count, that are stored in numpy arrays of
the Python program.
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Start

Initialization

Read β-Channel

β detected during
β Dead Time?

Yes

No
Start β Dead Time
Increment β-Count
Start Resolving Time

Read -Channel

 detected during
 Dead Time?

Yes

No

Yes

 time is higher than
 Dead Time?
No
 detected during
Resolving Time?

No

Yes
Increment Coincidence-Count
Start  Dead Time
Increment -Count

Figure 6.7: Simplified flowchart of offline-analysis program, performing coincidence
counting.
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6.3

RESULTS AND DISCUSSION

6.3.1 Histogram from The Digitizer Software
Figure 6.8 presents a two-dimensional histogram of the β channel generated from
the CoMPASS software whilst measuring a 60Co source. In the scatter plot (Figure 6.8
bottom plot), we can clearly see the area with high frequency corresponding to the
main β-energy of the 60Co source.

Figure 6.8: 2D plots of β-channel resulted from the CoMPASS software: an energy
histogram (TOP), a PSD histogram (MIDDLE), and an energy/PSD scatterplot (BOTTOM).
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Figure 6.9 shows a threshold cut on the PSD value (0.55) allowing a
discrimination of unwanted noise events in the gamma channel, allowing to record
only gamma from

60

Co radionuclide and the small amount of unwanted noise

overlapping with the photon emission of 60Co peak. This PSD cut has a notable impact
on the low energy of the 60Co spectrum that was considered as a noise. In Figure 6.9
bottom plot histogram, we can clearly see the three lobes with high chromatic scale
corresponding to the 60Co peaks (1173 keV, 1332 keV, and sum-peak 2505 keV).

Figure 6.9: 2D plots of -channel resulted from the CoMPASS software: an energy
histogram (TOP), a PSD histogram (MIDDLE), and an energy/PSD scatterplot (BOTTOM).
The grey areas indicate the rejected area if the PSD selection is applied.
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6.3.2 Offline Time Analysis
To produce the energy spectra for each detector, Qlong data from the binary listmode files was histogrammed. Figure 6.10 presents reconstructed energy spectrum of
a measured 60Co source using the offline analysis for β and  channels. The developed
Python program successfully implemented dead time and coincidence algorithm for
both channels. A significant result is obtained for the -channel. These signals usually
arise immediately after appearance of the valid signals, representing false signals. In
this analysis, we used 20 µs non-extendable dead time and 1 µs adaptive resolving
time.

Figure 6.10: Reconstructed spectrum of β-channel (TOP) and -channel (BOTTOM) from
the offline analysis method using the developed Python program.
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To obtain the final result, those count rates were subtracted by a representative
background count rate. As shown in Figure 6.11, applying a PSD threshold-cut on the
𝜌𝛽 𝜌𝛾
𝜌𝛽𝛾

calculation (see Equation 2.11) produces a better agreement with the reference

activity (3860 Bq) with -0.8 % to 1.0 % deviation, while without applying PSD
selection produces 0.7 % to 3.1 % deviation. Using dead time about 20 µs, the obtained
activity has a discrepancy less than 0.1 % against the reference activity.

Figure 6.11: Effect of variation of dead time on the coincidence rate of one source measured
using offline analysis. The source has a reference activity of 3860 Bq.

However, this approach of obtaining activity was only to show that the algorithm
of coincidence counting in the developed program was working properly. In order to
get an accurate activity of sources, further study regarding established correction
method such as Smith’s correction [97], background correction, decay correction
(described in section 7.2.4) is required. In addition, the efficiency extrapolation
technique [49] can be utilized to obtain more accurate activity.
The acquisition system was designed to perform optimum counting of any
radionuclide with maximum activity of 10 KBq. The system used 1000 V supply of
the PMT for the 4 detector to minimize background count. From Figure 5.12, the
background count of beta detector is less than 0.5 count/seconds. As a result, the 4
- 4 configuration can detect radionuclide with minimum activity 1 Bq.
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Measurement of a radionuclide requires a proper consideration of the plastic
scintillator thickness as a β detector so that it can detect maximally β events and at the
same time can minimize  detection. Even though the used plastic scintillators were
tested for Cobalt-60, measurement for other radionuclides, such as
18

137

Cs,

99m

Tc and

F, still can utilize the used plastic scintillator design.

6.4

CONCLUSION
A hardware data acquisition configuration of 4πβ−4πγ detection system has been

implemented using a CAEN N6751 digitizer as the digital acquisition device. Besides
producing the 2D plot of histograms, measurement using this system also generates a
binary list-mode file that can be used for further analysis.
An offline time analysis method for the coincidence counting with the 4πβ−4πγ
detection system was implemented effectively. This method was developed using
Python to apply dead time and coincidence counting algorithm on the list-mode files.
The main advantage of this method is ability to perform analysis and calculation of
activity repeatedly using a single experimental measurement. Promising initial results
were obtained for a simple calculation of activity, but further correction method is
required to get an accurate activity of source.
.
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Chapter 7: Standardization of Cobalt-60
Activity
7.1

INTRODUCTION
Co is a β− emitting radionuclide with relatively long half-life of 5.27 years [13],

60

which decays to stable nuclide Nickel-60. A simplified decay scheme of 60Co is shown
in Figure 7.1. There is no β− emission of the

60

Co that decay directly to the ground

state of 60Ni. Approximately 99.88 percent of the β− particles emitted have a maximum
energy of 317.32 keV and the remaining 0.12% have a maximum energy of 1490.56
keV. The predominate decay path of 60Co consists of β− emission with a maximum
energy of 317 keV to the 2505 keV level of 60Ni, which de-excites through 1173 keV
-emission with a 99.85% intensity to the 1332 keV level. This is promptly followed
by a 1332 keV  transition to the ground state of 60Ni.
For this study, we applied the coincidence counting technique to measure the
activity of a solution of 60Co. The radionuclide standardization using the 4πβ(Plastic
Scintillator) - γ or the 4πβ(PS) - 4πγ instrument has been carried out in various
experiments [7], [8], [39]. Most of the coincidence counting measurements in the
literature were performed directly i.e., recording the coincidence counting results at
the time of the experimental measurement. This method has a disadvantage in terms
of time, which requires repeated experiments when making changes to the settings of
the instrument. In addition, changes in environmental conditions such as temperature
[45] and background radiation [98] in each experiment will give unexpected
fluctuations in measurement results.
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Figure 7.1: A simplified decay of β− from 60Co to stable nuclide 60Ni. Reproduced from [13].

In this project, coincidence counting measurement results were recorded by
means of list mode data that simultaneously collects the individual detector energies
and time stamps (see section 6.2.1). This allows the application of an offline-analysis
method (OAM), with the advantage of varying the analysis parameters offline. OAM
will perform programming algorithm of the work of several electronic instruments by
applying dead time, resolving time, delay, and discrimination. Furthermore, OAM can
apply the coincidence counting method as well as its correction and extrapolation
techniques efficiently. Instead of conducting repeat measurements, OAM easily
extracts data for different settings by simply re-running the program. This offline
processing by OAM was possible since raw signals were first experimentally digitized.
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7.2

MATERIALS AND METHODS

7.2.1 Source Preparation
A set of three
concentration of the

60

Co sources was prepared for this project. The activity

60

Co stock solution was determined by measurement in the

Australian Secondary Standard ionization chamber, calibrated for

60

Co by

international comparison in 1992 [99].
A Sartorius MSE6.6S microbalance was used for accurate weighing of the
amount of solution dispensed for each source. Pycnometers were created from plastic
Pasteur pipettes [100]. Pycnometers with thinner necks reduce evaporation from the
solution and also tend to dispense smaller droplets. To minimize heat flow from
contact with the hands, tweezers were used to hold the pycnometer at all times. This
can limit variation of the solution temperature that affects weighing accuracy and the
balance stability.
We prepared several pieces of disc-like plastic scintillator as β detector. To
maintain optical transparency, clean gloves were used to handle the scintillator. We
cleaned the plastic scintillator discs with water or soapy water. After water rinsing, the
scintillator can be blown dry with oil-free compressed air or gently wiped dry with
clean, soft, non-abrasive cloths or paper towels. After dried, we put the scintillator in
the closed container.
A required amount (~0.5 mL) of 60Co solution was drawn into the pycnometer.
In a fume hood, we pressed the sides of the pycnometer with tweezers and inserted the
pycnometer tip into the solution, then released the tweezers to draw-in the solution.
Once the pycnometer was filled with the required volume of solution, we hold the
pycnometer tip with a lint-free cloth and cut the neck to about 1 cm in length so that
the pycnometer would fit into the microbalance. To make sure the solution in the tip
is homogeneous, we squeezed out two drops of the solution onto the lint-free cloth.
The pycnometer with solution was placed on the balance and the balance tared.
To avoid contamination spread in the process of measuring, we kept the pycnometer
tip from touching the balance. A drop of solution was dispensed onto the plastic
scintillator surface and the pycnometer with the remaining solution weighed again.
The negative balance reading indicated how much solution was removed each time.
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A simplified procedure of source dispensing onto plastic scintillator is shown in
Figure 7.2. First, we took the pycnometer and dispensed the required amount of
activity onto the centre of a blank plastic scintillator disc. (commonly a drop from a
small pycnometer will be approximately 5-6 mg). After that, the scintillator with the
drop of source was placed in the closable container (as shown in Figure 7.3) and dried
over night. Additional drier device may be required for short half-life radionuclides.

Figure 7.2: Flowchart of a simplified procedure of dispensing source onto plastic scintillator.
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Figure 7.3: Solution of the sources was dispensed on the plastic scintillators that comprises
the -detector. Top image shows square shaped plastic scintillator inside the source container
and bottom image shows round shaped plastic scintillator inside the source container. The
crosshairs were drawn to assist with placement of the radioactive solution during dispensing.
.

Once dried, the scintillator with the dropped source was glued to another blank
plastic scintillator by BC-600 optical cement. BC-600 consists of the resin and the
hardener. We mixed them to make the cement in a disposable container. The cement
was applied to both surfaces of the plastic scintillator. At room temperature (25oC),
the cement required about 4 hours to set and 24 hours to harden. Before we used the
plastic scintillator sandwiching the source, we performed contamination check of the
outer surface. As a result, we obtained three items of plastic scintillator sandwiching
the source as described in Table 7.1. In addition, we also prepared twin blank plastic
scintillators of the same dimension without dispensed source to use as a background.

Table 7.1: List of the prepared sources and their description. The plastic Scintillator source
IDs indicated with a PS, and blank samples labelled as BL.

Source
ID
PS1
PS2
PS3
BL1
BL2

Description

Source mass (mg)

Round shape,  25mm, 2x1mm thickness
Round shape,  25mm, 2x1mm thickness
Square shape, 10mmx10mm, 2x1mm thickness
Round shape,  25mm, 2x1mm thickness
Square shape, 10mmx10mm, 2x1mm thickness

10.208 (15)
24.830 (15)
14.224 (15)
0 - blank
0 - blank
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7.2.2 Experimental Setup
The sources as presented in Table 7.1 were measured using the 4πβ - 4πγ
coincidence system as shown in Figure 7.4. For the NaI(Tl) detector, a recommended
bias of 500 V was applied via an Ortec 556 High Voltage (HV) Power Supply. We
determined 1000V of HV supply for the PMT of  detector. Details of this system is
described in Chapter 6:. The photons were counted by means of the NaI(Tl) detector
(section 4.3) that provide approximately 98% geometrical detection probability at the
bottom of the well position. The plastic scintillators, as the β detector, were inserted
into the well. The analogue signal processing of the two detectors was conducted by
preamplifier and amplifier. The attenuator devices were used to reduce the signal
amplitude, satisfying the limited dynamic range of the digitizer (section 6.2.1). A
software package written by the manufacturer called CoMPASS was used to control
the digitizer [96]. Data from the digitizer were streamed to a computer’s hard drive.
The stored data were used to perform OAM for offline processing.

Figure 7.4: Block diagram of the simplified 4πβ - 4πγ coincidence system.

Settings on the amplifier were arranged in such a way, to ensure that the output
generated was compatible with the input digitizer specifications. CoMPASS software
was used to control settings and operation of the CAEN 6751 digitizer [26]. In this
experiment, the signal output from the NaI(Tl) detector had a longer rise and fall time
than the plastic detector (section 6.2.1). Once the settings had been determined,
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experimental measurements were taken simultaneously on both channels (β and γ).
After the measurement was complete, binary form of list-mode files containing
sequence of the signal information equipped with the time stamping were generated.
Table 7.2 shows data collection of each measurement. Measurement time was taken
from the computer clock which is linked to the Australian Standard of time via a
Network Time Protocol (NTP) server, i.e. time is traceable.
Table 7.2. Experimental measurement using the 4πβ - 4πγ detection system.

Data Collection
Name
PS_131
PS_132
PS_133
PS_134
PS_135
PS_173
PS_174
PS_175
PS_176
PS_177
PS_254
PS_255
PS_256
PS_257
PS_258
PS_146
PS_160
PS_161
PS_162
PS_163
PS_293
PS_294
PS_295
PS_296
PS_297

Source ID
PS1
PS1
PS1
PS1
PS1
PS2
PS2
PS2
PS2
PS2
PS3
PS3
PS3
PS3
PS3
BL1
BL1
BL1
BL1
BL1
BL2
BL2
BL2
BL2
BL2
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Measurement
Start Time
Duration
2020/12/10 16:37:21
300 s
2020/12/10 16:43:35
300 s
2020/12/10 16:49:56
300 s
2020/12/10 16:55:03
300 s
2020/12/10 17:00:45
300 s
2020/12/16 15:45:29
300 s
2020/12/16 15:50:36
300 s
2020/12/16 15:55:58
300 s
2020/12/16 16:01:08
300 s
2020/12/16 16:06:31
300 s
2020/12/23 11:27:19
300 s
2020/12/23 11:32:25
300 s
2020/12/23 11:38:54
300 s
2020/12/23 11:45:27
300 s
2020/12/23 11:50:46
300 s
2020/12/15 16:17:30
300 s
2020/12/15 17:41:21
300 s
2020/12/15 17:47:02
300 s
2020/12/15 17:54:09
300 s
2020/12/15 18:04:10
300 s
2020/12/24 10:35:32
300 s
2020/12/24 10:43:02
300 s
2020/12/24 10:49:37
300 s
2020/12/24 10:58:13
300 s
2020/12/24 11:04:38
300 s
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7.2.3 Coincidence Counting Correction and Efficiency Extrapolation
Coincidence counting, as described in section 2.5.2, is an effective method for
measuring of the activity of radionuclides. The problem regarding dead time and
accidental coincidences have been treated by various correction formulae since several
tens year ago [34], [48]. Smith [97], [101] developed a formula from the finding of
Cox and Isham [102] to correct coincidence counting data for the effects of nonextendable deadtime and accidental coincidences. For an integer dead time, which is
applied in this work, this method provides exact solution for coincidence count rate:

𝜌𝛽𝛾 =

𝑅𝑐 − (𝑟𝛽 + 𝑟𝛾 )𝑅𝛽 𝑅𝛾
(1 − 𝑅𝛽 𝜏𝛽 )(1 − 𝑅𝛾 𝜏𝛾 )X(𝑟𝛽 , 𝑟𝛾 ) + 𝑅𝑐 𝜏𝑚 Y

,

,

(7.1)

where 𝑅𝑐 is observed coincidence rate, 𝑅𝛽 is observed  rate, 𝑅𝛾 is observed  rate,
𝑟𝛽 is  resolving time, 𝑟𝛾 is  resolving time, 𝜏𝛽 is  dead time, 𝜏𝛾 is  dead time, and
𝜏𝑚 is minimum dead time. For the case of equal non extendable dead time, i.e. 𝜏𝛽 =
𝜏𝛾 , the X and Y are the function of the (𝜌, 𝜏 , 𝑟), where
X(𝑟𝛽 , 𝑟𝛾 ) = M(𝜏, 𝑟𝛽 , 𝑟𝛾 ) − (𝑟𝛽 + 𝑟𝛾 )𝜌𝛽 𝜌𝛾 L(𝜏),
(7.2)
Y=

L(𝜏)
,
𝜏
(7.3)

with
L(𝜏) =

𝑒 𝜌𝛽𝜏 − 𝑒 𝜌𝛾𝜏
𝜌𝛽 𝑒 𝜌𝛽𝜏 − 𝜌𝛾 𝑒 𝜌𝛾𝜏

and
𝜌𝛽 𝑒 𝜌𝛽𝜏 𝑒 (𝜌𝛾−𝜌𝛽)𝑟𝛾 − 𝜌𝛾 𝑒 𝜌𝛾𝜏 𝑒 (𝜌𝛽−𝜌𝛾)𝑟𝛽
M(𝜏, 𝑟𝛽 , 𝑟𝛾 ) =
𝜌𝛽 𝑒 𝜌𝛽𝜏 − 𝜌𝛾 𝑒 𝜌𝛾𝜏

For our case we used 𝑟𝛽 = 𝑟𝛾 = 800 ns and 𝜏 = 𝜏𝛽 = 𝜏𝛾 = 20 µs . The relatively large
deadtime was selected to remove the effect of afterpulses.
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As described in section 2.5.3, varying the β-detector efficiency and extrapolating
the coincidence rate provide an accurate determination of the activity. Several -energy
settings associated with the main β decay branch can be used to identify possible
errors. Those settings ideally generate identical extrapolation intercept values for
activity [49].
7.2.4 Offline-Analysis Method (OAM)
The Offline-Analysis Method (OAM) consists of a script written using Python
2.7, to read in and analyse the experimental data. The Smith Fortran implementation
of coincidence correction for non-extendable dead times [48] was adopted into Python.
Once the PSD-digitizer completed measurements, two list-mode binary files were
produced containing amplitudes and timestamps of the events detected in the β and γ
channels. Those two files were raw signal data from two detectors, β from the plastic
scintillator and γ from the NaI(Tl) detector. The size of the generated file capacity
depends on duration of the experimental measurement and the counting rate. The
larger the binary file, the more required time to run OAM.
For the analysis in this chapter, three coincidence -window settings were used
as indicated on the 60Co gamma spectrum in Figure 7.5. The first setting only includes
range of the full-energy peaks at 1173 keV. This energy was selected because 99.88%
of β− emission decays simultaneously with the 1173 keV γ emission. In the second
setting, the energy range was defined to include the full-energy peaks of the main peaks
at 1173 keV and 1332 keV. The third setting was determined to cover all energy from
the first main peak at 1173 keV to the sum peak at 2505 keV.
Figure 7.6 shows the measured 60Co -spectrum. In order to vary the  detector
efficiency using the computerised discrimination method, an energy discriminator is
first used to remove events at a certain range of low channel number of -spectrum.
Each PS source has a unique representation of channel number of -spectrum. In the
case of PS1, to get 30 variations of  efficiency, the discriminator was started from 0
channel number and increased by 10 until it reached a channel number of 300. The
maximum channel number for the -spectrum (4096), was set as the upper threshold.
As a result, only events in the -gate are counted.
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Window 3
Window 2
Window 1

Figure 7.5: The three γ-window settings applied to the γ channel of the well type
NaI(Tl) detector.
-Gate

Discriminator

Figure 7.6: To vary the efficiency of the β detector, the lowest threshold of the β-gate
(labelled as “Discriminator”) is increased iteratively by a number of channels. The highest
threshold of the β-gate is set at the maximum channel number of -spectrum.

We applied a 20 µs non extendable dead time on the β channel and the γ channel
as well to remove events that arise within the defined dead-time interval. An algorithm
of time-to-amplitude converter (TAC) was generated to identify coincident events
between β and γ channels. The time interval between start valid pulses from the βchannel and stop valid pulses from the γ-channel was counted to generate time vs
number of counts plot. Figure 7.7 shows the results of the TAC of the β and γ channels.
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A resolving time of 800 ns was selected to perform coincidence counting because it
covered about 70 % of the coincidence for whole energy spectrum. A  delay of 180
ns is present in the TAC due to the physical timing differences of the two detectors,
which can be adjusted using a time shift.

Figure 7.7: Timing spectrum of TAC to identify coincident events between β and γ channels
in the 60Co measurement. β channel was determined as the start signal and  channel was
determined as the stop signal.

The OAM coincidence algorithm produced uncorrected count rates of β, γ, and
coincidence. After that, Smith's correction formulae (Equation 7.1) for non-extendable
and equal dead times [97] was applied to calculate the true coincidence count rate. For
background correction, measurement data of blank plastic scintillators (BL1 and BL
2) were used. The background data was calculated by the same formula and subtracted
to give the corrected count rates.
Decay correction to the reference date and time was performed. The decay
correction [103] is given by
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛𝑑𝑒𝑐𝑎𝑦 = 𝑒

∆𝑡
ln 2
𝑇1/2

(7.4)
where Δt is the time difference between the reference date and the measurement date,
and 𝑇1/2 is the half-life of the observed radionuclide. The next step was to get activity
concentration (Bq/mg). The corrected activity was divided by the mass of source
(Table 7.1), resulting activity concentration.
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In addition, the statistical uncertainty [104] of the activity concentration was
calculated from
𝜌 𝜌𝛾

𝑢𝑛𝑐 ( 𝜌𝛽 ) =
𝛽𝛾

𝜌𝛽 𝜌𝛾
𝜌𝛽𝛾

1

√𝑁

𝛽𝛾

(2𝜀𝛽 𝜀𝛾 − 𝜀𝛽 − 𝜀𝛾 + 1)
(7.5)

where 𝜌𝛽 , 𝜌𝛾 , and 𝜌𝛽𝛾 are count rate of ,  and coincidence, respectively. While 𝜀𝛽
and 𝜀𝛾 are the efficiency of  and  detector. 𝑁𝛽𝛾 is the total counts of coincidence
event. Because we have five different measurements of each source (Table 7.2), we
calculated the data to take a weighted average of the

𝜌𝛽 𝜌𝛾
𝜌𝛽𝛾

data of the five

measurements. For each data point, the weight is from the uncertainty that calculated
from the statistics (Equation 7.5). The weight of data point i:
𝑤𝑖 =

1
𝜌𝛽 𝜌𝛾 2
[𝑢𝑛𝑐 ( 𝜌 )]
𝛽𝛾
(7.6)

the weighted mean of the

𝜌𝛽 𝜌𝛾
𝜌𝛽𝛾

:

𝜌𝛽 𝜌𝛾
𝜌𝛽𝛾

∑5𝑖=1 𝑤𝑖
=
𝑚𝑒𝑎𝑛

𝜌𝛽 𝜌𝛾
𝜌𝛽𝛾

𝑖

∑5𝑖=1 𝑤𝑖
(7.7)

And the uncertainty of the weighted mean:
𝜌𝛽 𝜌𝛾
𝑢𝑛𝑐 (
𝜌𝛽𝛾

)= √
𝑚𝑒𝑎𝑛

1
∑5𝑖=1 𝑤𝑖
(7.8)

In order to obtain the final activity concentration value, we made plots and
regression only with the weighted mean data, and also performed the efficiency
extrapolation with a weighted linear fit [105]. The weighted fit is a Microsoft-Excel
tool that is developed to do weighted regression. The extrapolation program of OAM
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was repetition of a single coincidence algorithm with different successive
discriminator of β channel. Simplified process of OAM is shown in Figure 7.8.

Figure 7.8: Block diagram of offline-analysis method (OAM) for calculating activity
concentration of a source. Each step represents the logic performed by the algorithm.

7.3

RESULTS AND DISCUSSION

7.3.1 Timing Variation
We made some variations in the delay of -channel, the dead time and the
resolving time. These variations were applied in the setting of OAM using PS1 data
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with window-3 of -setting. First, we varied  delay and resolving time, based on the
resulted TAC plot (Figure 7.7). A  delay of 180 ns was selected because almost no
coincidence events occur in that time due to the time differences of the two detection
methods. Figure 7.9 shows the results of this variation comparison resulting in a very
small difference (0.028 %) in the extrapolated values. We can conclude that the OAM
equipped with Smith’s correction can address the issue associated with  delay and
resolving time.

Figure 7.9: Efficiency extrapolation of PS1 with window-3 of -setting obtained from three
different setting of  delay and resolving time. Variation of  delay and resolving time can
be addressed by offline-analysis method. Data depicted in blue is overlapping with data
depicted in grey.

Looking at the sensitivity of the dead time values to the extrapolated result, we
varied the dead time for 4 different values: 5 µs, 20 µs, 50 µs, and 100 µs. Using OAM
equipped with Smith’s correction, the dead time variation resulted less than 0.19 %
discrepancy as shown in Figure 7.10. From these comparisons, we chose a  delay of
0 ns and resolving time of 800 ns for the analysis of subsequent data in this chapter.
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Figure 7.10: Sensitivity of the efficiency extrapolation using four different settings of dead
time. Variation of dead time produces less than 0.19 discrepancy of the result.

7.3.2 Activity Calculation of The Sources
All measurement data in this section was analysed for non-extendable deadtime
of 20µs and resolving time of 800 ns. The activity of PS1, PS2, and PS3 sources were
calculated using Smith’s correction method (see section 7.2.3). The correction of
background and decay were applied before the calculation of activity concentration.
Efficiency extrapolation using weighted fits was performed to obtain the final value of
activity concentration with its uncertainty. Figure 7.11 to Figure 7.13 show the
extrapolation of efficiency function of the PS1, PS2, and PS3 sources using the three
-windows (details of the extrapolation values with the uncertainty are shown in Table
7.3).
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Figure 7.11: Efficiency extrapolation with weighted linear fit of the PS1 source for three window settings.

Figure 7.12: Efficiency extrapolation with weighted linear fit of the PS2 source for three window settings.
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Figure 7.13: Efficiency extrapolation with weighted linear fit of the PS3 source for three window settings.

It is obvious that PS3 provides lower  efficiency (approximately 72.1% of efficiency), due to its smaller dimension. PS1 (approximately 83.3% of -efficiency)
and PS2 (approximately 82.3% of -efficiency), which have the same dimension,
result in a small difference of  efficiency, possibly due to the unique crystallisation
of the solution during source preparation.

Furthermore, some useful information about counting efficiencies for -channel
and -channel can be obtained from the coincidence counting. The activity
concentration (in Bq/mg) for PS1, PS2, and PS3 deduced from extrapolation intercepts
using the three -energy settings are given in Table 7.3. Figure 7.14 presents a
summary of obtained activity concentration for PS1, PS2, and PS3 with three window settings using the 4πβ - 4πγ detection system. The data collected using
Window 3 provided the best counting statistics and also the most consistent results.
The data collected using Window 1 provided the poorest counting statistics and
demonstrated significant variation between the three sources. The final result was
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calculated as the weighted average of the results from 3 sources and 3 windows each.
The weights were calculated from the statistical uncertainty from the regression.

Table 7.3: Extrapolation results of PS1, PS2 and PS3 measurement using 4πβ(PS) - 4πγ
coincidence counting with three -energy settings. Each data comes from the weighted mean
of five different measurements.

Source ID

Measurement
Duration

Window
Setting

PS1
PS1
PS1
PS2
PS2
PS2
PS3
PS3
PS3

300 s
300 s
300 s
300 s
300 s
300 s
300 s
300 s
300 s

1
2
3
1
2
3
1
2
3

Activity
Concentration
(Bq/mg)
156.17
155.89
155.95
156.00
155.57
155.85
156.36
155.55
156.01

Statistical
Uncertainty from
Regression (Bq/mg)
0.03
0.03
0.01
0.01
0.01
0.01
0.02
0.02
0.01

Figure 7.14: Activity concentration resulted from three sources and three different window settings.
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The final result obtained was 155.9 ±0.5 Bq/mg on the reference date of
18/11/2020 at 12 PM AEDT. This agrees with the reference value obtained for the
solution by measurement in the Secondary Standard Ionisation Chamber of 155.4 ±0.4
Bq/mg to within one standard deviation. To calculate the uncertainty budget [36],
[106], several components of the measurements were taken into account as shown in
Table 7.4.
Table 7.4: Uncertainty budget of the 4πβ(PS) - 4πγ coincidence counting system using
OAM for 60Co measurement.

Uncertainty component
Weighing and source
preparation
Variation of resolving
time and synchronisation
Variation of deadtime
Variation due to window
setting
Variation between
sources

Relative
uncertainty
(%)
0.15
0.03
0.19
0.19
0.072

Counting statistics

0.040

Combined uncertainty

0.320

7.4

Comment
Weighing uncertainty for the smallest
source (Table 7.1)
Variation of resolving time 200 - 800 ns
(Section 7.3.1.)
Variation of deadtime 5 - 100 µs
(Section 7.3.1.)
Maximum difference between different
windows, rectangular distribution
Maximum difference between different
sources, rectangular distribution
Standard deviation of the weighted
mean for 3 sources and 3 windows each
Standard uncertainty (k=1)

CONCLUSION
Three

60

Co sources were created by the deposition of a stock solution onto

plastic, drying, then enclosing the radioactive deposit with plastic scintillation
material. Once coupled to a PMT, this represents a 4π detector. Measurements of
Co sources (PS1, PS2, and PS3) were performed using a 4πβ - 4πγ detection system

60

with a disc-like plastic scintillator as the -particle detector and a well-type NaI(Tl)
detector as the -ray detector.
The asymmetric coupling between upper and lower plastic scintillator to the
PMT can result difference in signal efficiency. However, for same plastic scintillator
dimension such as PS1 and PS2, as described in Table 7.1, the efficiency discrepancy
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is relatively small (~1%). The asymmetric coupling and the unique crystallisation of
the solution during source preparation could introduce the efficiency difference.
An offline-analysis method (OAM) for the coincidence counting with a 4πβ−4πγ
instrument was implemented to calculate accurate absolute radioactivity measurement.
This method allowed the application of different time settings such as dead time, delay
and resolving time to a single measurement set. Smith’s correction for non-extendable
dead time was utilized in this method to address the issue regarding dead time and
accidental coincidences. This method, which is simple and applicable could be
processed repeatedly offline since raw signals of  and  were first experimentally
measured.
The results for

60

Co activity concentration show good agreement with the

reference value. The result obtained was 155.9 ±0.5 Bq/mg agrees with the reference
value of 155.4 ±0.4 Bq/mg to within one standard deviation. The results were obtained
by the developed 4πβ - 4πγ system using PS1, PS2 and PS3 sources with three different
-energy settings at 1173 keV, at 1173 keV – 1332 keV, and at 1173 keV – 2505 keV.
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Chapter 8: Conclusion and
Recommendation
8.1

CONCLUSION
In this thesis, we developed and validated a 4πβ - 4πγ detection system utilising

EJ-212 plastic scintillator as the β-detector and a 127-mm height by 127-mm radius
well-type NaI(Tl) as the -detector. Instead of using conventional analog electronics
or online data processing, we applied the computer discrimination method to the
determination of activities using the Python based Offline-Analysis Method (OAM)
developed in this work. This instrument will complement the existing measurement
capability of Radionuclide Metrology Laboratory-ANSTO by providing an alternative
system to perform primary standardisations of activity.
Monte Carlo GEANT4 simulation was utilized to model and to characterize both
of these detectors. For the NaI(Tl) detector, the simulation was used to investigate the
dead layer of the scintillator and to perform correction of coincidence summing effects.
To make direct comparison with the experimental spectrum, the artificial energy
resolution broadening of simulated spectrum was successfully implemented by the
broadening algorithm of energy deposition or by optical photon simulation. For the
plastic scintillator detector, the simulation was used to get optimum β-detector design
for measuring radionuclide (in this case 60Co).
A simple-effective 4πβ-detector for radionuclide measurement was built by
utilising plastic scintillator attached to PMT. To represent a 4πβ detector, the source
solution was directly dispensed on one of twin plastic scintillator sheets and closed
with another one after drying. The optimal thickness and shape properties of the plastic
scintillator were studied. The β detector with its light-tight housing was assembled
within the limitations of the dimension of the well of the  detector (NaI(Tl)), allowing
the maximisation of the solid angle detection for both detectors.
A CAEN N6751 digitizer was employed to collect the time and energy
information of 4πβ - 4πγ instrument in the form of binary list-mode files. OAM used
the list files to perform software analogue logic of dead-time, coincidence counting

Chapter 8: Conclusion and Recommendation

127

with its correction, correction of background and decay, activity concentration
calculation and efficiency extrapolation with weighted linear fit. This method was fast
and reliable, enabling to process data offline repeatedly since raw signals from
detectors were first experimentally acquired. As a result, this 4πβ - 4πγ detection
system demonstrated ability to perform accurate absolute radioactivity measurement
of 60Co, providing an average result from three sources and three -window settings
that agreed with the reference value to within the evaluated standard uncertainty of
0.32%.
8.2

RECOMMENDATION FOR FUTURE WORK
Further study using Monte Carlo technique to characterize detectors is

recommended. MC GEANT4 simulation can be used to address some issues. For the
well-type NaI(Tl) detector, simulation should take into consideration a long live-time
of the excited full energy peak also should be considered in the simulation. Eventually,
this simulation of 4πβ - 4πγ should perform - coincidence counting and predict the
extrapolation in order to determine absolute activities.
During the course of this work, we started the investigations of Silicon PhotoMultipliers (SiPMs) as the  detector. This work was not completed and required
significantly more time to explore the increase in light collection. Compared to PMT,
implementing SiPM in avalanche/Geiger mode provides equal detection sensitivity in
the order of 106 - 107 gain. Several SiPMs also have similar spectral responses with
the used PMT, in the range 300 to 650 nm. However, operation of SiPM in
avalanche/Geiger mode also generates a notable dark count rate. This characteristic
should be examined thoroughly in the future development, especially when we
measure low activity radionuclides.
The design using SiPMs has some advantages such as ability to employ two or
more separate detectors due to their small-compact dimension and insensitivity to light
over-exposure. This insensitivity allows quick installation of plastic scintillator in the
β detector system. As a result, short-live radionuclides such as 18F can get this benefit.
In addition, employing two separate detectors for measuring β particles can expand
capability of the system to apply double coincidence counting method.
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In addition, other potential types of plastic scintillator should be investigated to
find the best detection material for β-particles such as EJ-228 or BC-418. To test the
performance, this system should perform standardization for other radionuclides such
as 18F, 68Ge–68Ga, and 99mTc. For benchmarking, comparison with the other established
instrument for primary standardisation should be provided.
Due to offline data processing and analysis (OAM), this method makes it easy
to modify if another procedure must be used. In the future, the system should
accommodate extendable dead-times and anti-coincidence counting method,
providing more techniques for obtaining an accurate activity.
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